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KEPOKTS 



OF THB 



COMMITTEE 



ON 



lANDARDS OF ELECTRICAL RESISTANCE. 



FIRST REPORT— CAMBRIDGE, OCTOBER 3, 1862. 

EMBERS OF THE COMMITTEE : — Professop A. "Williamson, E.R.S., Professor C. 
Wheatstone, E.R.S., Professor W. Thomson, E.R.S., Professor W. H. 
Miller, P.R.S., Dr. A. Matthiessen, E.R.S., Mr. E. Jenkin. 

rE Committee regret that they are unable this year to submit a final Report 
the Association, but they hope that the inherent diflBlculty and importance 
' the subject they have to deal with will suflSciently account for the delay. 
The Committee considered that two distinct questions were before them, 
imitting of entirely independent solutions. They had first to determine 
hat would be the most convenient unit of resistance, and second what 
ould be the best form and material for the standard representing that unit. 
"he meaning of this distinction will be apparent when it is observed that, if 
16 first point were decided by a resolution ;n favour of a unit based on 
rofessor Weber's or Sir Charles Bright and Mr. Latimer Clark's system, this 
ecision would not ajffect the question of construction ; while, on the other 
and, if the second question were decided in favour of any particular arrange- 
lent of mercury or gold wire as the best form of standard, this choice would 
efafiect the question of what the absolute magnitude of the unit was to be. 
The Committee have arrived at a provisional conclusion as to the first ques- 
on ; and the arguments by which they have been guided in coming to this 
jcision will form the chief subject of the present Report. 
They have formed no opinion as to the second question, viz. the best form 
id material for the standard. 

In determining what would be the most convenient unit for all purposes, 
>th practical and purely scientific, the Committee were of opinion that the 
lit chosen should combine, as far as was possible, the ^ye following qualities. 

1. The magnitude of the unit should be such as would lend itself to the 
)re usual electrical measurements, without requiring the use of extravagantly 
?h numbers of cyphers or of a long series of decimals. 

2. The unit should bear a definite relation to units which may be adopted 
' the measurement of electrical quantity, currents, and electromotive force, 

in other words, it should form part of a complete system for electrical 
asurements. 






3. Tho unit of resistance, in common with the other units of the system, 
should, so for as is possible, bear a definite relation to the unit of work, thi 
great connecting link between all physical measurements. 

4. The unit should be perfectly definite, and should not be liable to requiil 
correction or alteration from time to time. 

6. The unit should be reproducible with exactitude, in order that, if 
original standard were injured, it might be replaced, and also in order that 
observers who may be unable to obtain copies of the standard may be able tMo 
manufacture them without serious error. ^ 

The Committee were also of opinion that the unit should be based on the 
French metrical system, rather than on that now used in this country. 

Fortunately no very long use can be pleaded in favour of any of the uniti 
of electrical resistance hitherto proposed, and the Committee were therefon 
at liberty to judge of each proposal by its inherent merits only ; and they 
believe that, by the plan which they propose for adoption, a unit will be 
obtained combining to a great extent the five qualities enumerated as desi-ji 
rable, although they cannot yet say with certainty how far the fourth quahtyJ 
that of absolute permanency, can be ensured. 

The question of the most convenient magnitude was decided by reference 
to those units which have already found some acceptance. These, omitting 

Tnpti*6 

for the moment Weber's t> were found to range between one foot of 

copper wire weighing one hundred grains (a unit proposed by Professor 

Wheatstone in 1843) and one mile of copper wire of -A^ inch diameter, 

and weighing consequently about 84 J . grains per foot. The smaller units 

had generally been used by purely scientific observers, and the larger by 

engineers or practical electricians. 

Intermediate between the two lay Dr. Werner Siemens's mercury unit, bjA 

the unit adopted by Professor W. Thomson as approximately 'equal to one 

foot 
hundred millions of absolute ^' The former is approximately equal to 

371 feet, and the latter to 1217 feet, of pure copper wire -^ inch diameter 
at 15^ C. Both of these units have been adopted in scientific experiments 
a^d in practical tests ; and it was thought that the absolute magnitude of 
tiie unit to be adopted should not difier widely from these resistances. 

The importance of the second qucdity required in the unit, that of forming 
j^ait of a coherent system of electrical measurements^ is felt not only by 
purely scientific investigators* but also by practical electricians, and was 
indeed ably pointed out in a paper read before this Association in Manchester 
by Sir Charles Bright and Mr. Latimer Clark. 

The Committee has thus found itself in the position of determining not 
only the unit of resistance, but also the units of current, quantity, and electro- 
motive force. The natural relation between these unite are, clearly, that a 
unit electromotive force maintained between two points of a conductor sepa- 
rated by the unit of resistance shall produce the unit current, and that this 
current shaJJ in the unit of time convey the unit quantity of electricity. 

The first relation is a direct consequence of Ohm's law ; and the second was 
independently chosen by Weber and by the two electricians above named. 

Two only of the above imits can be arbitrarily chosen ; when these are 
fixed, the others follow from the relations just stated. 

Sir Charles Bright and Mr. Latimer Clark propose the electromotive force of 
a Darnell's cell as one unit, and choose a unit of quantity depending on this 
electromotive force. Their resistance-unit, although possessing what we 



^fasre called the seoond reqiiigite quality, and Buperior OMiBeqnently to many 
that have heen proposed, does not in any way possess the third quality of 
bearing with its co-units a definite relation to the unit of work, and haa 
therefore been considered inferior to the equally coherent system proposed hy 
Weber many years since, hut until lately comparatively little known in 
this country. 

Professor Weber chose arbitrarily the unit of current and the unit of 
dectroinotiTe force, each depending solely on the units of mass, time, and 
length, and consequently independent of the physical properties of any arbi- 
trary material. 

Professor W. Thomson has subsequently pointed out that this system 
poBsesBOB what we have called the third necessary quality, since, when defined 
in this measure, the unit current of electricity, io passing through a conductor 
of unit resistance, does a unit of work or its equivalent in a unit of time*. 

The entire connexion between the various units of measurement in this 
system, may be summed up as follows. 

A battery or rheomotor of unit electromotive force will generate a current 
of unit strength in a circuit of unit resistance, and in the unit of time will 
convey a unit quantity of electricity through this circuit, and do a uuit of 
work or its equivaleEt. 

An infinite number of systems might fulfil the above conditions, which 
leavo the absolute magnitude of tho units undetermined. 

Weber haa proposed to fix the series in various ways, of which two oidy 
need be mentioned here — first by reference to tho force exerted by tho cur- 
rent on the polo of a magnet, and secondly by tho attraction which equal quan- 
tities of electricity exert on one another when placed at the unit distance. 

In the first or electro-magnetic system, tho unit current is that of which the 
unit length at a unit distance exerts a unit of force ou the unit magnetic 
pole, the definition of which is dependent on the units of moss, time, and 
length alone. In the second or electro- static system, tho scries of units is 
fixed by the unit of quantity, which Weber defines as that quantity which 
attracts another equal quautity at the unit distance with the unit force. 

Starting from these two distinct definitions, Weber, by the relations 
defined above, has framed two distinct systems of electrical measurement, 
and has determined the ratio between the units of the tii'o systems — a matter 
of great importance in many researches ; but the electro-magnetic system is 
more convenient than thoother for dynamic measurements, in which currents, 
reeistaneee, Slo. are chiefly determined from observations conducted with the 
aid of magnets. 

Aa an illustration of this convenience, we may mention that the common 
tangent galvanometer aflbrds a ready means of determining the value in 
electro -magnetic units of any current y in function of tho horizontal com- 
ponent of the earth's magnetism H, the radius of the coil E, its length L, and 
the deflection S. 

In this Report, wherever Professor Weber's, or Thomson's, or the absolute 
f^tem is spoken of, the electro- magnetic system only is to be understood as 
referred to. The immense value of a coherent system, such as is here de- 
scribed, can only be appreciated by those who seek after cjuantitalive as 
. • ride "Application of Elpctrical Effect to lie Measurement of Eloelromotive FotoB," 




dutmgiiitilied tram merely quallUtive resnlts. The following 
esamples will illuBlrftte the practical application of ihe Bf stem. 

It is well known tbat the passage of a current through a metal C 
beats that conductor ; and if we wish to know how much a given c 
will be heatod by a given current in a given time, we have only to 
the time into Ihe resistance and the square of Ihe current, and divide 
product by the mechanical equivalent of the thermal unit. The qi 
will express the quantity of heat developed, from which the rise of tw 
ture can be determined with a knowledge of the mass and specific faeatof I 
CDuductoT. 

Again, let it be required to find how much nnc must be consumed 
Daniell's cell or battery to maintain a given current through a given 
ance. The heat developed by the consumption of a unit of zinc in a Di 
batt«ry has been determined by Dr. Joule, as also the mechanical eqntvi 
of that heat ; and we have only to multiply the wjuare of the current into 
reeifltance, and divide by the mechanical e(|uivalent of that heat, to obi 
the quantity of tunc consumed per unit of time. 

Again, do we wish to calculate the power which must be used to gcnerst* ^ 
by a magneto-eloctric machine a given current of (say) the strength known tt 
be required for a given electric light? 

Let the resistance of the circuit be determined, and the power required will 
be simply obtained by multiplying the resistance into the square of the current, i 

Again, the formula for deducing the quantity of electricity contain<;d in tbft t 
charge of a Leyden jar or aubmarine cable from the throw of a galvanometer- 
needle depends on the relation between the unit expressing the strength it 
current, the unit of force, and the unit magnet-pole. When these are eipreaaed 
in the above system, the quantity in electro-magnetic measure is immediately 
obtained &om the ballistic fonuula. In estimating the value of the various 
insulators proposed for submarino cables, this measure is of at least eiiiial , 
importance with the measure of the resiBtance of the conductor and of the 
insulating sheath ; and the unit in which it is to be expressed would he ti 
once settled by the adoption of the general system described. 

These five very simple examples of the UBe of Weber's and Thomson' 
system might be multiplied without end ; but it is hoped that they will sufBoS 
to give some idea of the range and importance of the relations on which it 
depends to those who may hitherto not have bad their attention directed to 
the dynamical theory, 

No doubt, if every unit were arbitrarily ehosen, the relations would stili 
exist in nature, and by a liberal use of coefficients esperimentally determined 
the answer to all the problems depending on these relations might still be 
calculated ; but the number of these coefficients and the compUcation result- 
ing from their use would render such an arbitrary choice inexcusable. 

A large number of units of resistance have from time to time been proposed, 
founded simply on some arbitrary length and section or weight of some given 
material more or leas suited for the purpose ; but none of these units in any 
way poBBesflcd what we have called the second and third requisite qualities, 
and could only have been accepted if the unit of resistance hud been entirely 
isolated from all other meaBurementa. We have already shown how far this 
is from being the case i and the Committee consider that, however suitable 
mercury or any other material may be for the construction or reproduction of 
« Htandurd, this i\imi8he8 no reason for adopting a foot or a metre length of 
■'line arbitrary section or weight of that material. 

OvorthelcBS it was apparent that, although a foot of copper or a metre of 



Srcmy might not be very scientific standards, they produced a, perfectly 
finite idea in the minda of even ignorant men, and might possibly, with 
1 precautions, be botli permanent and reproducible, whereas Weber's 
■Uiit has no material esiatence, but is rulher an abstraction than an entity, 
5»i other ■words, a. metre of mercury or some other arbitrary material might 
^*»ses9 what we have called the first, fourth, and fifth requisite qualities, to a 
■O^h degree, although entirely wanting in the second and third. Weber's 
^gtem, on the contrary, ia found to fulfil the second and third eonditionB, but 
te defective in the fourth and fifth ; for if the absolute or Weber's unit were 
l^iopted without qualification, the material standard by which a decimal 
•Blultiple of conrenient magnitude might be practiiially represented would 
^^squire coutiaual correction as snccessive determinations made with more and 
■aore skill determined the real value of the absoluto unit wilh greater and 
5*eater accuracy. Few defects could be more prejudicial than this continual 
Bbifting of the standard. This objection would not be avoided even by a de- 
PBrmination made with greater accuracy than is expected at present, and was 
►wnaidered fatal to the unqualified adoption of the absolute unit as the stan- 
fcardo"- 



It then became matter for consideration whether the advantages of the 
ijbitrary material standard and those of the absolute system eould not be 
Combined ; and the following proposal was made and adopted as the most 
*iely to meet every requirement. It was proposed that a material standard 
ilouid be prepared in such form and materials as should ensure the most 
i-"bso]ute permanency ; that this standard should approximate as nearly 

^ possible, in the present state of science, to ten millions of ■ ■ v i l"it 
lat, instead of being called by that name, it should be known simply as the 
K"nit of 1862, or should receive some other simpler name, such as that proposed 
»y Sir Charles Bright and Mr. Latimer Clark in the paper above referred 
«> ; that from time to time, as the advance of science renders this possible, 
■lie difference between this unit of 1862 and the true ten milKons of 

-r- should be ascertained with increased accuracy, in order that the 

sTTor, resulting from the use of the 1862 unit in dynamical calculations ia- 
itead of the true absolute unit, may be corrected by those who require these 
corrections, hut that the material standard itself shall under no circumstances 
ae altered in substance or definition. 

By this plan the first condition is fulfilled ; for the absolutfl magnitude of 
:hiB standard will difl'er by only 2 or 3 per cent, from Dr. Siemens's mercury 
itandard. 

The second and third conditions will be fulfilled with snob accuracy as 
icience at any time will allow. 

The fourth condition, of permanency, will be ensured so far as our know- 
ledge of the electrical qualities of matter will permit ; and even the fifth 
Condition, referring to the reproduction, is rendered comparatively easy of 
ucDTnpIishm ent. 

There are two reasons for desiring that a standard should be reproducible : 
Brat, in order that if the original be lost or destroyed it may be replaced ; 
second, in order that men unable to obtain copies of the true standard may 
ipprosimately produce standards of their own. It is indeed hoped that accu- 
rate copies of the proposed material standard will soon be everywhere obtain- 
ible, and tliat a man will no more think of producing his own standard than 
it deducing his foot-rule from a pcudulum, or his metre from aa a.v*i «it ^losv 
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Hllfetrto kn aDoj' of ^(atinniB ani nlTeriathe onlyoBie of wtiiriitfae o 

Injt pr/wttr and fimAtion with temperatore are less th;iB that of G«niMB oj 

I'rtifePMior W. 'ITiomiion and Dr. Matthieaaen were requested to examii 
fllwitritftl [XTTOHni^nnj' of metals and alloyB. A preHminary Report «_ 
iniliii>rt tiy [}r. Mntthif^iMcn i* appended (B). in which be shows that, a 
four in'iiitliN, ('III! (Kii^jxT nnd Iwo ailrer hard-drawn wires have altered, b 
enmliiK niurn like iinm^ulcil wircH, but thut do decided chan^ has yet b 
dPt't't^t^irl In thii K""!*' niaji'rity uf the wires. 

hivornl cinim'til. jir/icliNil iiliMitiicians were reqnested to advise the Com- 
mttUw rm I'l IliK tiirui oX ciil ttiey couudered most suitable for a matoriaJ 
■kniliinl, mid nlon lr< runiiHli u HAmple coil such as the; could recommend. 
BIr ('liririi'* Urijtlil iiil'in'im'd iho Committee that he was ready to comply wilh 
Uif ninH'Nl. Till- ]Miint id uuo of considerable importance, respecting whiohl 
U WH< lliouiclit thiit |>ruotioul mon uiight give much valuable iiiformat" 
tSiili (if wlrt> mnj- Ih< iiguml by damp, acids, oxidation, stretching and 
int>t>liniiit'Hl otlKniliunK. 'I'hi-y may be defective from imperfect or nncertui|1 
t»««kktiii|> 1 will tlit'y may bo ineonvoniently arranged, so that they do not 
ti«tUlj:tuki'tltvtit»)H>rutun>ofthosurTouiidingmcdium,orcanDotbesal'e)yim- 
tUtKWKl in WHtt^tM^vit) bHthR,a» is fVcqiipnlly desirable. No definite conciudkm 
W \\\ the hvnk III' <Htil tu bt> rMinumciidi-d, even for copies, has been arrived aL 

U WW uNKitvml " Thnl llw AtlKi«-iii^ goiitlomen should be informed of tfa 
kmiMtHlWM)! \4 W» iMVsvut IVtiuittittiw, and should be reqnested to fornix 
lll|HTti-'v- ttt fttnhvrtukvv uf it* otyvvt :" — 
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*w. eiemons, which will be found in thr ApyK<n4iv. Thi- wntntlnti nrrivM 
fc by ttao t:oiQTnitVi> l-o mwis^mM n muf^riil ■<|.inil.nvl nil! ■■iilii..!, mum. 
^KCfeBSor Kirchhofi"s views. Thi' Cnmmili ■'■..l>t>i 

i^Dpt Dr. Stemena's suf^^tions ; hut hiv i h Hli 

^ftueh a Btandani can he ropnMliiwvl unil ]> > ill" 

sxtject of farther apwaaliBv«itif[H*i">'. tiii'l i- ■ 'i'i|t|<y 

■> take adrantagi' of his kind fifhrw of WMi"(riiii'.>. 

A letter wafl aJso rewiTOil from Sir OhnrlcH Brifthl. cnnt.ninftiK nii tnj^Milrtii* 
■»ethod of maintaining a constanl tj>Twioii nv dirt'crotirii nf pnlmtlnU, nit* 
point will probably immo before t.hi^ Ooitimidw fil n Mm poHM, W!l''li Kff 
Charlet^ Itripht'e (raggwtioii will not bo lonl. ciplil of. 

The Committee also received, on the 2ntli (ilHnio, nftnr 111" pCixnWt Hjtpift 
^adbeCQ drawn up, a lettCT from Hr. K"clb«p1i, » wi-ll Viir>M-ti nli'.'irti'inti, 

"Nriio had cfaugeof the eUvtrieal te"t" ftf thf THili ' "■ - '■■" "nWo 

^uriiig itH sahme^lKtice. In ibi.. iettJir fir. ^"W'lbiii i ■lintfv 

l&e nine orachwotM an tiione rnonmrnnndwl Iiy H • , lift 

&Bt coBcbHfln B"!!] adnpt Wi-bnr'HfilM'iltitf iinil »<<' li t1>'U 

faiB it, by the ■ulltipll^ )0'\ thi- pnu-tii-H] unit,' lni<> ]it--^'-u''ii unit n 
' that ncraumauied trj- ymir t'ommiHiv. Iff. K*ili'ltM>'h no* tt«t 
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*' The percentage decrement between 0^ and 100^ in the eondueHng power 
an allot/ in a solid state stands in the same ratio to the mean pereentagA 
decrement of the components between (P and 100° as the conducting power m 
the alloy at 100^ does to the mean conducting power of the components at 100°;' 
or, in other words, "the absolute difference in the observed reeistanee between (Pi 
and 100° of an alloy is equal to the absolute difference between the meam ff\ 
the resistance of the component metals between 0° and 100°/* 

For example, the conducting power of the hard-drawn gold-ailyer alloy' 
was found equal to 1503 at.O° (taking silver equal 100 at 0°), and de-| 
creases 6-49 per cent, between 0^ and 100°. The mean decrement of the 
components between 0° and 100° being 29-3 per cent., the conducting power 
of the alloy is 14*05 at 100°, and that of the mean of the components is 62*58 
at 100°. If we now calculate the percentage decrement in the conductuig 
power of the alloy between 0° and 100° from the above data, we find it equal 
to 6*58 per cent., and by experiments it was found equal to 6*49 per cent 
Or, taking the resistance of silver at 0^=100, and that of gold at 0°= 128*3, 
we find the resistance of the alloy at 0^=665*3, and at 100o=711-7, and 
that calculated from a mean of the volumes of its components at 0^^113*2, 
and at 100°= 159*8 ; therefore the absolute difference between the observed 
resistance at 0° and 100° is 46*4, and that between the calculated at 0° and 
100°= 46*8. 

Knowing already, from my experiments on the electric conducting power 
of alloys*, that when two metals are alloyed together in any proportion, if the 
alloy is merely a solution of the two metals in one another, its conducting 
power may be approximatively foretold, and that, from the above law, it is 
necessary that if the conducting power of an alloy should vary between the 
limits of 0° and 100° to a minimum extent, the alloy itself must have a 
minimum conducting power as compared with that calculated from its 
components, — I at once foresaw that it would be useless, as was afterwards 
proved by the research made in conjunction with Dr. Vogt, to make any 
experiments with the two metal-alloys, which may be looked upon as a 
solution of one metal in the other, as no practical alloy would be found 
which would vary in its conducting power between 0° and 100° to a small 
extent. It must also be borne in mind that the alloy sought for must be a 
ductile one, capable of being drawn into wire, not too soft, as would 
(Basily be damaged by covering and winding, easUy produced, and cheap in 
price. Bearing this in mind, we turned our attention to some three metal- 
alloys, thinking that we had some, chance there of obtaining a good result ; 
for it is well known that the conducting power of German-silver wire varies 
in such a slight extent between 0° and 100°. 

It also appeared worth while to experiment with some of those alloys 
which may perhaps be considered chemical combinations, or to contain such, 
as, for instance, platinum and silver ; and, on account of their other physical 
properties, the platinum-iridium alloys were also experimented with. 

In the following Table I give the results obtained in conjunction with Dr. 
Togt. The unit here taken for comparison is that of a hard-drawn silver 
wire at 0°. The normal wires were made of German silver, and in order 
to obtain their values in terms of hard-drawn silver, they were compared 
with the gold-silver alloy. In these experiments it was thought better 
first to use those pure metals which are easily obtained, so as to learn some- 
thing regarding the manner in which the three metal-alloys behave, and 

* PhQ. Trana. 1860, p. 161. 



t try Bome alloys made of the cheaper cotomercia] metals. As will be seen 
lie Table, only the first part hae been as yet carried out. 



Table. 

With each eeciee, the formula deduced Srota the observatioDs for the oorreo. 
1 of the conducting power of the alloy for tenipcrature is given, when X is 
b1 to the conductiog power at the temperature t C.) 

Weight. j Length i532 mm. ; diameter 0-625 ram. 
ConduoHng powor. 



tpontion of alio; . 

Gold aa-'ii 

Copper .... 26'5 
SQver - 15-2 

[[ade from pure metals. 

lard-drawQ. 



Found. 
11-958 
11-674 
11-438 



X=12-017-0-0069033i+0-0000111('. 



"his alloy was taken, aa Karmarech states it I 
a the gold-sUver-copper alloys. 

■ Gold 66-5 

r Sarer 18-1 

Copper .... 15-4 
Xade of pure metals. 
lard-drawn. 



the hardest and most uliLstio 



i 



Length 341-5 m 






CoiiduijliiiK t" *"'. 


T- 


Kim^'l, 


10-95 


ni-r>ii:i7 


3352 


iu-4:(4l 


55-15 


KKtirW 


78-35 


lOlHlfl 


97-52 


ID-MSOa 



X = 10' 6220— 0-00562481 + O-000000fl«(!yf. 



■Hoy waa tried, as it corresponded to equal volume ef nuUl-eai'^t 
gold-silver, and these again correepuiid to an alloy poMHfWiInK IIm IuwmI 
ducting power of any of those made of gold-coppor or |[ulil-siTvor, 

Length 7G4 mm. -, diam»t«r 0-AA3 mm. 



ipoeiUoTi of aBoj. Weight. 

Copper 78-3 

Silver 14-3 

Gold 7-4 

(ade &om pure metals. 

lard-diawn. 



ll-O 
100-0 



CofiduLtirm jiuwirr, 
4A-5&I 

4o-aa3 

37'6«0 



X = +1-472— 0-081525(+ O-0003240C. 
taken to see the effect mcb a oombination would luvn. 

I Length 244 mm. ; di«nwt«r O-IWJ mm. 
66-6 Cofuluc(ui|;;iuw«(. 

33-4 ! T. fdiwa. 



Platinum . 
Iridium , . . 

ommercia] alloy. 
[ard- drawn. 



X =4-541 — O-0029307H-O-OOOOO2724r. 

Itia allor was tried, as it pow««« twT B««t elwrticity and do« not become 
nainealing. On»«scMiotofthe«ipr8p«rrti«,«.welli««itoi>BmiMiMicy 



120 


4-soe 


50-0 


4-384 


oo^) 


4-271 



MBO annealing. Un «oc«nu 
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in air (not oxidizing on iU surface), it wonM serve exceedingly well 
making springs and contacts for electric and telegraphic apparatus. 

Length 381 '5 mm. ; diameter 0*451 q 

(6) Silver 950 

Platinum 5*0 

Mode from pure silver and 
commcrciallj pure platinum. 
Hard-drawn. 

X« 31-640 -0039363/ +.000003642«'. 

This and the following two alloys were taken, as they probably confc 
chemical combinations. 



T. 


Conducting power. 
Foun£ 


120 


31173 


660 


29-550 


1000 


28-068 



(6) Silver 90-2 

Platinum 9-8 

The metals employed were the 

same as in No. 5. 
Hard-drawn. 



(7) SUver 66-6 

Platinum 33-4 

Commercial alloy. 
Hard-drawn. 



Length 708 mm. ; diameter 0-26 mi 

Conducting power. 
T. FounA 

90 17-920 

64-5 17-319 

100-0 16-767 

X=18-045-0-013960«+0-00001183«\ 

Length 169 mm. ; diameter 0-408 1 

Conducting power. 
T. Found. 

8-270 6-6850 

5400 6-5826 

99-90 6-4987 

\= 6-7032 - 0-0022167^-1- 0-000001394<». 



In the following Table I have given the results in such a manner 
they may be easily compared. 

Table. 



Pure iron 

Other pure metals in a solid state 
Alloy 3 

5 

6 

Gold-silver* 

4 

2 

1 

German silverf 

7 



icting power 


Percentage yariatioi 


atO°. 


conducting power 




tween 0° and IOC 


• • • • 


38-2 


• • • t 


29-3 


44-5 


15-5 


31-6 


11-3 


18-0 


7-1 


15-0 


6-5 


4-5 


6-9 


10-6 


5-2 


12-0 


4-8 


7-8 


4-4 


6-7 


3-1 



The method and apparatus employed for the above determinations, tog< 
with the precautions taken to ensure correct results, have already 
described J. We have made only three observations between 0° and '. 

♦ PhiL Mag. Feb. 1861. • t Phil. Trans. 1862, pt. 1. | Ibid 
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it was found that they gave almost exactly the same formulsB for the 
rection of the conducting power for temperature as if we had taken seven 
xiore observations between 0° and 100°, Each of the above values for the 
.ducting power, at those temperatures, is the mean of three or more 
ervations. It was ea^y to obtain the desired temperatures as a mean of 
eral observations, after very little practice. I have no doubt that, in the 
.xse of our experiments, we shall be able to find an alloy the conducting 
ver of which vnll decrease between 0° and 100° even less than that of silver- 
l>inum. The experiments are being continued, and I hope, before the next 
eting of the Association, to be able to lay before you results which will 
ow more light on the subject, as well as to propose an alloy with a 
nimum variation in its conducting power due to change of temperature, 
ich may be made commercially in a cheap manner of the common com- 
rcial metals, and possessing those properties which are essential that it 
mid have. 

Appendix B. — On the Electrical Permanency of Metals and Alloys. 

By Dr. Matthxessen, F.Ji,S. 

Having, in conjunction with Prof. Thomson, been requested by your Com- 
ttee to make some experiments on this subject, we thought it advisable for 
B of us to undertake some preliminary experiments in which all possible 
iturbing causes were isolated. The chief of these are : — oxidation by the 
ygen of the air, as well as by acids produced by the oxidation of the oil 
grease with which a wire is almost always covered when drawn, as the 
les in the draw-plates are generally oiled or greased ; stretching during the 
ocess of covering and winding ; and after being wound on the bobbin, elon- 
ttion by expansion or contraction, owing to variations of temperature, &c, 
lese, I think, have been obviated in the following manner : — ^The wires were 
refully wound round a glass tube in order to bring them into a smaller 
•mpass, and after taking them off, they were placed inside wide glass tubes, 
id soldered to two thick copper wires, these having been previously passed 
rough corks which fitted into the ends of the glass tube ; through each of 
e corks a small glass tube passed, drawn out in the middle to enable it to be 
awn off easily, and sealed hermetically by a lamp. The wire being soldered 
the thick copper connectors, and the corks fitted into the tube, dry carbonic- 
id gas was led through it for the space of about six hours, for the purpose 
drying it perfectly, as well as of displacing the air contained in it ; after 
lich the small glass tubes were melted off at the points, when they had 
en previously drawn out. Tin caps, filled with melted marine glue, were 
en fitted over the corks and the ends of the tube, to prevent diffusion of the 
rbonic acid and air through the corks. The whole of the tin caps outside, as 
jll as those parts of the copper-wire connectors which dipped in water of 
6 bath in which they were placed whilst being tested, were covered with a 
ick coating of marine glue. 
The wires experimented with were as follows : — 

. Silver : hard-drawn 1 ^, ^ « ^^ x, ^ „„,,,« «,"«^^ . ».„*« 

^., 1 J V Cut irom the same piece: pure. 

!. Silver : annealed J ^ ' ^ 

Cut from the same piece, but different 

from 1 and 2 ; pure. 



1. Silver : hard-drawn 

:. Silver : annealed 

:• Copper : hard-drawn I Cut from the same piece; pure. 

•. Copper ; annealed J " *^ 



16 



7. Copper : bard-drawn 1 Cut from the same piece, but diife 

K O/pper : annealed 

9, Gold : bard-drawn 



from 5 and 6 ; pore. 
• Cut from the same piece ; pnre. 



Vk (}fAd : anuealed 

1 L OM : bard'drawn 1 Cut from the same piece, bat diffe 

12« Gold : annealed \ from 9 and 10 ; pore. 

1^. FUtinnm ; hard -drawn 1 r*. #. ^_ 4.1. „ _ 

t A i*i J,' 1. J J ' ^nt from the same piece ; commeK 

14- rlatiimm: hard-drawn J r > 

l/>« Odd-silver alloj: hard-drawn j Cut from same piece. Made by Me 



16* Gold-silrer alloy: hard-drawn 



Johnson and Matthews. 



17. Oennan .ilrer: annealed . . . . f ^i^ *^.!kT' ^'^' ^^ " 

ranged with longer connectors, 

nsed as normal wire with whid 



18« German fUrer: annealed . . 
19, German silver : annealed.. 



rest were compared. 



The reaaon why duplicates were made in each case was that, in case ai 
them sb/mld by any cause get damaged, the experiments might be conti 
with the duplicate. When being tested, they were placed in a large 
containing irom 40 to 60 litres of water. By testing the wires at 20° it 
^und eBuy to keep that temperature in the bath, during the experiment 
(PI or (^'2. 

Up to the present time, that is to say, four months since they were 
imitd, the conducting power of the wires 1, 3, and 5 has altered, owii 
becoming, in all probability, partially annealed. Wire 8 has alao alt 
materially, having decreased in conducting power 3*5 per cent. : this de 
ment may be possibly due to bad soldering. The differences found with 
other wires are so very small, that it is impossible to say whether they ] 
altered or not; for (P'l or 0°'2 will account for them. It was, therei 
thought better to wait for another two or four months before giving 
opinion as to whether they alter or not ; for as the wires are in tubes 
only surrounded by carbonic acid, we can never be absolutely sure that 
wire has exactly the same temperature as the bath, more especially whe 
ia considered that each time the connexion with the battery is made 
wire becomes somewhat heated. 

If, two or four months hence, they still show no difference in their < 
ducting powers, it is proposed to expose the one set to variations of temp 
ture such as may^ccur (for instance, from 0° to 40°), and then, shoidc 
change occur in their conducting powers, to lead a weak current thro 
them, say, for a month ; for it has been asserted that a current past 
through wire causes a permanent change in its conducting power. 

If, after these experiments the conducting power of the wires remains 
altered, the different forms of resistance-coils, made from those wires wl 
have shown themselves permanent will then be tested in order to pi 
which is the best form of coil for the British-Association unit. 



Appendix C. — On the Reproduction of Electrical Standards by Chemical Mei 
By Professor Williamson, F,B,S., and Dr. Matthiessen, F,R,JS. 

In the following Beport we have discussed, more especially from a chem 
point of view, the relative merits of the different propositions which h 
been made to reproduce standards of electric resistance, and have treated tl 

^er three heads : — 



17 

. Those reproduced hy a given length and section or weight, at a given 

temperature, of a pure metal in a solid state, 
[. Those reproduced hy a given length and section or weighty at a given 

temperature, of a pure metal in a liquid state, 
I. Those reproduced hy a given length and section or weight, at a given 

temperature, of an alloy. 

The points on which we shall speak will be : — 

1. On their preparation in a state of purity. 

2. On their homogeneity and their molecular condition, 

3. On the effect of annealing on their conducting power, 

4. On the influence of temperature on their conducting power. 

I. Those reprodu/ied hy a given length and section or weight, at a given 
temperature, of a pure metal in a solid state. 

As type of this class wo have chosen copper, for it has been more exten- 
vely used as unit of electric resistance, both by scientific as well as by 
■actical men, than any other metal or aUoy ; but what we are about to say 
yarding copper will hold good in almost every case for all pure metals in a 
•lid state. 

1. On its preparation in a state of purity, — As traces of foreign metals 
aterially affect the conducting power of most pure metals, it is of the utmost 
iportance that those used for the reproduction of units of electric resistance 
tould be absolutely chemically pure. The difficulty in obtaining absolutely 
ire metals even by chemists is very great. Thus, for instance, Becquerel* 
und the conducting power of pure gold at (f equal to 68*9, compared with 
.at of pure silver at 0° equal to 100 ; whereas, under the same circumstance, 
latthiessen and Von Boset found it equal to 77*9, — showing a difference of 
lout 12 per cent, in the values observed for the conducting power of gold, 
'epared pure by different chemists. This difference may be due to the silver 
>t being pure, or to all of them being more or less pure. Now when we 
►nsider that these standards are required by electricians and other physicists 
ho have little or no acquaintance with chemical manipulation, and that 
.e cost of the preparation of absolutely pure metals by scientific chemists 
ould be very expensive on account of the time and trouble they require, 
© think that this fact alone constitutes a very serious drawback to their use 

a means for the reproduction of standards of electric resistance. From 
.e experience which one of us has had on this subject, it is more than pro- 
ible that if pure metals be prepared by different chemists in the ordinary 
ay of business, variations in their conducting power would be found equal 

several per cent. Thus, copper supplied q& pure by a well-known assayer 
id a conducting power equal to 92, whereas pure copper conducts at the 
.me temperature 100 J. Again, i\iQ pure gold of the assayer conducts only 
5-5, whereas pure gold at the same temperature would have a conducting 
)wer equal to 73§. In order to show that the conducting power of com- 
ercial metals varies to a great extent, we give in the following Table (X.) 
le values found for that of the different coppers of commerce ; and it will be 
ident from it, that to take a given length and weight or section of a com- 
ercial metal as unit, as has often been done, is very wrong, and can only 
ad to great discrepancies between the results of different observers. 

» Ann. de Chim. et de Phys. (1846) t. xvii. p. 242. t PhU. Trans. 1862, ^i, V, 

X Proceedings of the Royal Society, yol. xi. p. 126. | 'P\ml\, I^TWva. V"^^. ^. VV<^* 
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Table X.* 

(All tho wires were annealed.) 

Conducting power. 

Pure copper 100*0 at 15-6 

Lake Superior native, not fnsed 08'8 at 15*5 

J)itto, fused, as it comes in eommerco .... 92*6 at 15*0 

Burra Ihirra 88-7 at 140 

]Je8t selected 81-3 at 14-2 

Bright copper wire 72*2 at 16-7 

Tough copper 71-0 at 17-3 

Dcmidoff 69-3 at 12-7 

llio Tinto 14-2 at 14-8 

Similar variations will be found with most other metals, and we shall 
examples of these further on. 

2. On its liomofjeneltu and its molecular condition, — It is well known 
the wires of some metals require much more care in drawing than in otl 
thus, copper and silver, if not annealed often enough during the proce 
drawing, will often become quite brittle, and break off short when 
Now, if thp fracture be closely observed, it will be seen that the wire is 
low ; in fact, wherever it is broken, cavities will b^ found, and sometim 
a millimetre or two in length ; so that such a wire may almost be regs 
as a tube with a very fine bore. The reason of this is simply that in no 
nealing the wire often enough, the internal part of it becomes hard and 
tie, whilst the outside remains annealed, from the heat evolved by its pa 
through the holes of the draw-plates ; after a time, however, the inside, 1 
very brittle, will give way, wlulst the outside is still strong enough to 
the force used in drawing it through the draw-plates. These places ii 
wires are easily discovered on drawing the wire &ier ; for then at these i 
the wire slightly collapses, owing to the quicker elongation of the weak i 
by the force used in drawing. Silver and copper are the only metals t 
have been experimented with in this manner ; we are therefore unable t 
whether it may occur with the other metals. However, although no such 
could be used for experiments, yet what has been shown possible to oc( 
such a marked extent when purposely trying to obtain such results, may 
to some slight extent, especially when great care is not used, and whe 
wires are drawn by different persons. This may explain why, with some n 
and alloys of the same preparation, conducting powers are often obt 
which vary several per cent. For instance, W. Thomson f found the con 
ing power of several alloys of copper which he had had made and test 
alter considerably on being drawn finer ; some of them were faulty froi 
cause wo have just mentioned, and, on their being drawn finer, these ] 
showed themselves and were then cut away. 

It has also been shown t that when copper wire is heated to 100° for 
ral days, a permanent alteration takes place in its conducting power : 
with the first wire experimented on, it increased almost to the same e 
as if it had been annealed. With the second wire the increment wa 
nearly so large as with the first, and with the third it hardly altered a 
That this is not due to one or the other of the wires being faulty in the 
naentioned manner is proved, 

1st, By the close agreement in the conducting powers. 

^snm^i^^ Goremment Submarine Cable Comnutleo, p. 335. 

«*&• Boyal Society, vol. xi. p. 126. % Phil. Trans. 1862, p 
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2nd, By the dose agreement between the differences in the values found 

IT the conducting powers of the hard-drawn and annealed wires. They 

we — 

Ist wire 2nd wire 3rd wire 
^. atO°. atO°. atO°. 

- Hard-drawn ........ 99-5 100-0 100-3 

Annealed 101-8 102-1 102-2 

- The values given for the hard-drawn wires are those which were observed 
' 'lefore the wire was heated at all. 

3rd, That the same occurs with pressed wires: thu^, With bismuth it was 

^oxmd that the pieces of the same wire behaved differently ; wirp 1 showing, 

-JPter 1 day's heating to 100°, an increment in the conducting power of 16 

ate cent., whereas wire 2 increased, although a piece from the same length of 

■roe, 9 per cent. 

^ Again, take the case of tellurium, and taking the conducting power of each 
3ttr at first equal to 100, we find that the conducting power of bar 1 had 
Bwreased after 13 days' heating to 4, where it then remained constant, that 
INF bar 2 after 32 days became constant at 19^ and that of bar 3 after 33 days 
«6. 

The cause of these marked changes in the conducting power must therefore 
Ke looked for in the molecular arrangement of the wires or bars employed. In 
fcSie case of copper, they may be, and probably are, due to the partial annealing 
!af the wires; for we find that wire 1, although the conducting power increased 
^fter having been kept at 100° for several days almost to the same extent as 
fef it had been annealed, yet, on annealing it, it only gained as foUows (the 
Results obtained with wires 2 and 3 are added) : — 

1st wire 2nd wire 3rd wire 

at O*'. at 0°. at 0°. 

Hard-drawn 99-5 100-0 100-3 

^£ysSo°'^^ ''^^''^} ^^^'^ ^^^'^ ^^^'^ 

After anneaHng !!'.!!!!.'.. 101-8 102*1 102-2 

The above shows that, in all probability, the annealing plays here a part, 
l)ut not the whole, in the change ; for otherwise why do the wires behave dif- 
aferently ? This point will be fully discussed in another Eeport which will be 
laid before your Committee, and in which it will be shown where the hard- 
^rawn wires become partially annealed, and annealed wires partially hard- 
drawn, by age. • -' 

It is a curious fact that a change in the molecular arrangement of the 
■particles of wire of some metals which may be considered homogeneous has 
Tory little effect on its electric conducting power. Thus pure cadmium*, 
irhich when cold is exceedingly ductile, becomes quite brittle and crystal- 
line at about 80°, and returns again to its ductile condition on cooling, shows 
no marked changed in its conducting power at that temperature ; in fact, it 
behaves as if no such change had taken place. Again, when iron wire is heated 
in a current of ammonia it becomes perfectly brittle and crystalline, without 
altering its conducting power to any marked extent. • - 

That a wire which changes its molecular condition in beconung crystalline 
does not necessarily materially alter in its conducting power, is an important 
as well as a very interesting point, and has also been proved in the- cose 
of German silver. 

♦ PhU. Trans. 1862, pt. 1. 
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3. On the effect of annealing on the conducting powe)\ — When hard-drawn 
vires of silver, copper, gold, &c. are heated to redness and cooled slowly, 
they become much softer, and on testing their conducting powers they will 
be found to have increased thus : — 

Silver. Copper. Gold. According to 

Takingthehard-drawnl jQQ.(j j^q.^ j^^q.^ 

Wire as J 

The annealed will be . . 107-0 102-6 101-6 Becquerel*. 

Ditto 109-0 102-3 102-0 { ^^ y^^^^^^^^ 

Ditto 1100 106-0 — SiemensJ. 

Now there is a certain difficulty in drawing a wire which is hard-drawn ; 
and if annealed wires be used for the reproduction of standards, the molecular 
condition, or perhaps the process of annealing, has an influence on the incre- 
ment of tiie conducting power. Thus, according to Siemens §, the difference 
in the conducting power between hard- drawn and annealed silver varies be- 
tween 12-6 and 8 per cent., and that of copper between 6 and — 0*5 per cent. ; 
according to Matthiessen and Yon Bose||, that of silver varies between 10 
and 6 per cent., and that of copper between 2'Q and 2 per cent. 

Again, the annealed wires of pure metals are so soft that they would easily 
get damaged in covering them with silk or winding them on the bobbins, so 
that in using them the utmost care would have to be employed in order to 
prevent their getting injured. 

4z, Onthe inflttence of temperature on tJie electric conducting power. — It has 
been shown that the conducting power of most pure metals decreases, 
between 0° and 100°, 29-3 per cent. : pure iron has been found to form an 
exception to this law, its conducting power decreasing between those tempera- 
tures 38-2 per cent. If pure metals be therefore used as standards, very 
accurate thermometers are necessary, as an error of 0-1° in comparing 
two standards would cause an error in the resistance of about 0-04 per cent. 
Now there is great difficulty in obtaining normal thermometers ; and we must 
bear in mind that supposing the zero-point of the thermometer is correct to- 
day, we are not' at all justified in assuming that it will be so in six months 
time ; so that we ought to redetermine the zero-point of the thermometer be- 
fore using it for the above purpose. Again, it has been proved that the in- 
fluence of teniperature on the conducting power of wires of the same metal is 
not always the same if. Thus, for the conducting power of annealed copper 
wires the following values were found : — 






No. 1. 


No. 3. 





100-0 


100-0 


20 


92-8 


92-4 


40 


86-3 


85-6 


60 


80-4 


79-6 


80 


75-1 


74-4 


100 


70-5 


70-0 



showing therefore that if standards of pure metals be used, the influence of 
temperature on the conducting power of each would have to be ascertained. 

* Ann. de Chim. at de Phys. 1846, t. xvii. p. 242. t Phil. Trans. 1862, pt. 1. 

t PhUyMnn Tm Ififl ^ _§ Phil. Mag. Jan. 1861. 

i Ma^ Researches. 1 Phil. Trans. 1862, part 1. 
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It must abo be borne in mind that it is not at all easy to maintain a standard, 
even in a bath of oil or water at a given temperature, for any length of time. 

II. Those reproduced by a given length and section, or weighty at a given 
temperature, of a pure metal in a liquid state. 

The only metal which has been proposed to be used in a liquid state for 
the reproduction of units of resistance is mercury. We shall only have to 
speak of its preparation in a state of purity, and on the influence of tempe- 
rature on its conducting power. For a tube, carefully filled with mercury, 
will certainly form a homogeneous column, and its molecular condition will 
always be the same at ordinary temperatures. 

On its preparation in a pure state. — ^Although this metal is one of the 
most etisily purified, yet the use of it as a standard is open to the same objec- 
tions, although in a less degree, as have been advanced against the use of 
pure metals in a solid state when speaking of their preparation. We there 
stated that metals prepared by dijQferent chemists conducted differently. Now 
although the same manipulator may obtain concordant results in purifying 
metals from different sources, yet that by no means proves that the results of 
different observers purifying the same metal would show the same concor- 
dance. Thus we find that the values obtained by one experimenter* for the 
resistance of mercury, determined in six different tubes, varied 1*6 per cent. 
This difference, he says, is not greater than was to be expected. The resist- 
ances found were as follows : — 

Tubes I. n. III. IV. V. VI. 

Experiment .. 1016-52 427-28 655-38 217-73 194-70 1142-3 
Calculated .... 1025-54 427-28 555-87 216-01 193-56 1148-9 

Again, the values found for the conducting power of different preparations 
of pure hard-drawn gold, by the same observer f, were found equal to 

78-0 at 0° 78-2 at 0° 76-8 at O'' 

79-5 at 0° 78-3 at 0° 76-7 at 0° 

77-0 at 0° 78-0 at 0° 77-3 at 0° 

These values agree together as well as might be expected, consideriog that 
0-01 per cent, impurity would cause these differences. Now the values 
obtained by different observers vary between the nimibers 59 and 78. 

H we now take the case of copper, the values found by the same experi- 
menters J for different preparations of the pure hard-drawn metal were — 

99-9 at 0° 99-4 at 0° 99-8 at 0° 

101-0 at 0° 99-4 at 0° 100-3 at 0^ 

99-8 at 0° 99-9 at 0° 100-0 at 0° 
99-9 at 0° 

They were drawn by themselves, and all, with one exception, electrotype 
copper. 
It is well known how differently the so-called pure copper conducts when 

* PhiL Mag. Jan. 1861. The Bame experimenter (Dr. Siemens) states, however, in a 
liter paper (Pogg. Ann. cxiii. p. 95), that he is able to reproduce standards of resistance 
^ means of mercury with an accuracy equal to 005 per cent, but does not indicate what 
^r precautions he takes (see remarks on the above, Phil. Mag. Sept. 13611). 

t PhU. Trans. 1862, p. 12. 

} PhU. Trans. 1862, p. 9. 
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prepared by different experimenters. In the following Table, in order tc 
show these facts, more^ clearly, we have given the conducting powers of th( 
metals, taking that of silver equal 100 at 0°. Silver, copper, gold, and pi* 
tinum were hard-drawn. All values gjlven, except where the contrary ii 
mentioned, have been reduced to 0°. 





Siemens. 


Lenz. 


Becquerel, 


TVfntthicssen. 


Silver* 


100 
96-9 

14-2 
1-72 


100 
73-4 
58-5 

22-6 
130 
10-7 
10-4 
3-42 at 18-9 


100 

95-3 

66-9 

26-3 

25-7 

15-0 

131 

8-8 

8-6 

1-86 


100 
99-9 
78-0 
23-7 
290 
12*3 
14-4 at 20-4 

g.o 

10-5 at 20-7 
1-65 


CoDT>er 


OT ........:.:::. 


Cadniiuiu 


Zinc 


Tin 


Iron 


Jjoad 


Platinum 





If, now, mercury be taken as unit, we find the following values : — 





Siemens. 


Lenz. 


Becquerel. 


Matthiessen. 


Silver 


58-20 
56-40 

•••••• 

• • • • • • 

•••••• 

•••••• 

•••••• 

*8-25 
100 


29-24 
21-46 
17-10 

"6-59 

3-80 

3-12 

3-04 

1-00 at 18-7 


53-76 

51-23 

3704 

1414 

13-82 

8-10 

704 

4-73 

402 

1-00 


60-60 
60-55 
47-27 
14-42 
17-70 
7-45 
8-72 at 20-4 

5-03 
6-36 at 20-7 
1-00 


Conner ..< 


Gk)ld 


Cadmium 


Zinc 


Tin 


Iron 


I^ead 


Platinum 


Mercury 





A glance at the foregoing Tables will suffice to show how badly Lena 
series agrees with the rest when mercury is taken as unit ; and, in fact, "V 
obtain more concordant results if, in the above series, we take any other mel 
as unit. These facts therefore seem to indicate that mercury is not ^ 
proved to be a safe means of reproducing standards of electric resistance. 

The influence of temperature on the conducting power of mercury, betwe 
0° and 100°, is, comparatively speaking, small, being only 8*3 per ceu 
whereas that of the metals in a solid state decreases between those lim 
29*3 per cent. This property would, of course, render the use of very accurs 
thermometers unnecessary ; for 1° would only cause a difference in the co 
ducting power of about 0-08 per cent., and therefore 0*1 only 0*008 per cen 
so that an error of 1 or 2 tenths of a degree might almost be overlooked. 

A fact has just come to our knowledge through Mr. Jenkin. He infor 
us that, having to make a report on the electrical apparatus in the Intematioi 
Exhibition, he tested, amongst other things, several resistance-coils. K'ow 
found two sets of coils made by the same firm, the one exhibited in the Pn 
sian, the other in the English department. Both were said to be multip 
of the mercury unit proposed by Siemens t, and their resistances determir 
by comparing a coil in each set with that of a tube filled with mercu 
Taking each set by itself and comparing the coils in it with one another 

* This and the following Table Jiq-ye been copied from a paper published in the Pi 
•'-- Sept 1861. 
. Mag. f^b. 1861. 
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the proper combination^ they were found to bo perfect ; in fact, the adjust- 
ment of them was perfectly accurate. When, however, Mr. Jenkin compared 
coils of the two sete with each other, instead of being equal, they were found 
to show a difference of 1*2 per cent.* 

ITL Those rej^roduoed hy a given length and section or weight, at a given 

temperature, of an aUoy, 

The aJloy on which we have to speak is that composed of two parts by 
weight of gold and one of silver. The reason why this alloy was proposed 
is that the use of (say) 1 per cent, more or less gold does not materially alter 
its conducting power. 

1. On its jpreparation. — It has been shown that the alloy may be made of 
commercially pure metals and have the same conducting power as that made 
from chemically pure ones ; for the maximum differences in the conducting 
power between those made in different parts of the world are not greater 
than those of a pure metal, either in a solid or liquid state, prepared by 
the same experimenter. But it may be urged that part of the differences 
obtained by different observers are due to the different methods employed in 
determining their conducting powers, and therefore had the conducting 
power of these alloys been determined by different persons, much greater 
differences would have been found. In answer to this, we give, in the fol- 
lowing Tajble, the determination of the conducting power of several alloys by 
Thomson and Matthiessenf, independently of one another. The alloys were 
made by Messrs. Johnson and Matthey. 



Alloy. 


Thomson. 


Matthicssen. 


1 


100-0 


100-05 


2 


95-8 


95-0 


3 


102-9 


102-7 


4 


100-8 


99-1 


5 


98-1 


97-7 


6 


89-9 


92-7 


7 


80-6 


80-06 

4 


Pure copper. 


Thomson. 


Matthicssen. 


1 


107-0 


107-2 


2 


107-5 


105-9 


3 


108-7 


106-9 


4 


107-7 


108-1 



The differences here, with the exception of alloy 6 and copper 2, may be 
due to the temperature at which the observations were made not being in 
both cases the same ; for 2 or 3 degrees' difference will account for them. 
The Table, however, shows that different observers do obtain the same values 
for the conducting power of the same wires. 

The values obtained for the conducting power of the gold-silver aUoy, 
made by different persons, of different gold and silver, are given in the fol- 
lowing Tabh 



* This discrepancy may perhaps be attributed to some inaccuracy in the reproduction 
of the mercury standard, 
t Proceedings of the Boyal Society, Feb. 1861, 
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brittle, it does not materially alter in its conducting power. The same has 
already been proved, and mentioned in this Beport, to be the case with iron 
and cadmium* 

3. On the effect of annealing on the conducting power of the alloy. — ^When 
the alloy is heated to redness and cooled slowly, its conducting power was 
found to have increased only 0*3 per cent. — this value being the mean of 
eight wires annealed in different ways, — ^proving, therefore, that if the wires 
may be only partially hard-drawn, it will make but little difference in the 
conducting power. 

4. On the injhienee of temperature on the conducting power of the alloy, — 
When wires of this alloy are heated from 0° to 100°, a decrement in the 
conducting power, amounting to 6-5 per cent., will be found. The same 
arguments may, therefore, be put forward in favour of the use of the alloy 
as a standard, as were done in the case of mercury when speaking of this 
property. 

To sum up, therefore, the arguments in favour of and against the use of 
the three propositions made to reproduce standards of electric resistance, 
we find in favour of a pure metal in a solid state : — 

1. That it appears that all descriptions of electrotype copper, when care- 
fully drawn, have the same conducting power. 

Against it : — 

1. That their preparation, with the exception of the electrotype copper in 
a state of purity, is exceedingly difficult ; so that independent persons pre- 
paring the same metal find, on comparing the conducting powers obtained 
for them, that they vary several per cent. 

2. That the influence of annealing on their conducting powers is so great 
that differences may occur simply because the wires are partially hard-drawn, 

3. That the influence of temperature on their conducting power is very 
great ; so that slight errors in thermometers, or in the reading of them off, 
would materially affect the result. 

In favour of using mercury as a means of reproducing standards the fol- 
lowing may be said : — 

1. That no molecular change can take place in the metal, nor can any 
alteration occur in its conducting power, on account of annealing ; for its 
temper is always the same. 

2. That the influence of temperature has only a small effect upon its con- 
ducting power. 

And against it : — 

1. That there is a difficulty in obtaining absolutely pure mercury ; so that 
the results obtained by different observers show great variations. 

2. That the standard tube cannot be kept full of mercury for any length 
of time, owing to the diffusion of impure metal, aiising from the amalga- 
mated terminals into the narrow tube ; so that each time the standard has 
to be used, it must practically be remade. 

3. If the tube be broken during the process of cleaning or otherwise, it is 
not yet certain with what exactitude the standard could be reproduced. 

4. It is doubtful whether the resistance of a tube filled with mercury 
to-day will have the same resistance if filled a year hence ; for we have no 
proof if the dimensions of the tube will not alter by being kept. It is weU 
known that the bulbs of thermometers are liable to change, and are continually 
changing, in capacity. 

In favour of the gold-silver alloy may be said : — 

1. That this material, when prepared and drawn by diff^iew^^^x^Q^^^'H?^ 
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fotmd not to vary in its conducting power more than 1*6 per cent. ; whereas 
the variations found with the metaLs in a solid state, prepared and drawn by 
different persons, amount to several per cent., and those found for mercury 
by different observers amount also in all cases to several por cent. 

2. That the homogeneity and molecular conditition of this alloy are always 
the same. 

3. That the effect of annealing on the conducting power is very small, 
being only 0*3 per cent. ; so that if a wire be partially hard-drawn, its con- 
ducting power will not suffer to any appreciable extent. 

4. That the influence of temperature on its conducting power between 
0® and 100°, viz. a reduction of 6'5 per cent., is smaller than either that of 
the metals in a solid state, viz. 29'3 per cent., or that of mercury, viz. 8*3 
per cent. 

And against it : — 

That the conducting power may alter by age, as the physical properties of 
alloys are more likely to change than those of metals. 

From the foregoing statements, based on facts at present known, it would 
appear that the best method of reproducing standards, for those who are un- 
able to procure copies of tho British Association unit of electrical resistance, 
is that they should make, or have made, a certain amount of the gold-silver 
alloy (as described in the Phil. Mag., Peb. 1861), by two or three different 
persons, in order to ensure a correct result, and take a given length and sec- 
tion or weight of it, at a given temperature, which has been found equal in 
resistance to the British-Association unit. We would recommend, in order 
further to test what we have stated in the foregoing Eeport, that three or more 
scientific men and electricians be requested to compare the resistances of pure 
mercury (obtained by them from tho best sources they are able) and of the 
gold-silver alloy (made in the manner described in the Phil. Mag.) with a 
j&erman-silver standard supplied to them by your Committee. If this be 
done, results would be obtained which, would put an end to many disputes 
on the subject, as well as decide which of the above means is practically the 
best for reproducing standards of electrical resistance where no oppies of the 
British-Association unit can be obtained. 



Appendix I). — Professor Ejechhofp's Letter. 

To Fleeming JenJcin, Esq, 

Heidelberg, June 8, 1862. 

Beae Sir, — I have the honour to acknowledge the receipt of your letter oJ 
the 31st of May, in which you inform me of the labours of the Committer 
appointed by the British Association, to try and bring about the genera] 
introduction of one unit of electrical resistance. I gladly respond to the 
invitation to express my view on the manner in which the desired objecl 
might be best attained. 

To define the unit of resistance by the resistance of a wire of giver 
dimensions of a pure metal appears to me impossible, for the reasons whicl 
have been urged by the Committee ; hence, of the three proposals discussed 
by the Committee, there only remains two for our consideration. 

1. To adopt the unit proposed by Weber; or, 2. To establish, as unit oi 
resistance, the resistance of a column of pure mercury of given dimensions 

d at a given temperature. 
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material, and therefore the same tube filled with pure mercury will cei 
always conduct alike. 

2nd. Change of temperature causes only a slight difference in resistance. 

Against this plan it is said — 

Ist. That tubes cannot be made of uniform or similar wires, and t^ 
therefore, the standard once broken is lost for ever. 

2nd. That the standard tube cannot be kept full of pure mercury, owing 
the admixture which would take place of the solid metad used for the termins 
so that each time the standard has to be used it has practically to be rems 

3rd. That the attempt, by most observers, to reproduce the unit for the 
own use would bo attended with incorrect results, as is shown by the diffei 
results obtained by different observers. 

In favour of Dr. Matthicssen's alloy, as compared with wires of pure met 
or with mercury, as a material for the standard, it is said — 

1st. That the variations of resistance, corresponding with variations of 
temperature or temper, are small. 

2nd. That a unit expressed in this material can be more readily and 
certainly reproduced than one expressed by a pure metal, because th6 
presence of slight impurities in the component metals, or a slight change 
m their proportion, does not sensibly affect the result. 

Against this plan it is said that the physical properties of an alloy an 
more likely to change than those of a pure metal. 

Against all the plans for standards, based on an arbitrary length and 
section of an arbitrary material, the supporters of the absolute units statfl 
that the adoption of such an arbitrary standard would lead to great con- 
fusion and complication in the measurement of all other electrical properties, 
and in the expression of the relation of such measurements to those of forces 
work, heat, <fec. 

This objection does not^ of course, apply to the expression of the absolute 
unit by means of a wire of pure metal, of an alloy, or by mercury : but it ii 
urged that no observer should ever attempt the reproduction of a standarc 
when a copy of the proposed universal standard can possibly be obtained: 
and the Committee will probably endeavour to devise some plan by whicl 
such copies of the actual material standard adopted may be easily procured al 
a reasonable cost. 

It will be seen, from the resolutions passed, that the Committee are no^ 
engaged in investigating the degree of accuracy with which Weber's units car 
be obtained, and the degree of permanency which may be expected from th( 
use of the metal or alloy forming the material standard expressing these oi 
other units. 

The Committee wUl feel greatly indebted to you if you will afford them th( 
benefit of your valuable advice and experience on the above points, and oi 
any others which may occur to you. They also venture to hope that such i 
standard may be selected as will give very general satisfaction ; and, if ap- 
proved by you, that you will kindly take an interest in procuring its genera 
adoption. * 

Personally being charged with the duty of preparing an historical summarj 
of the various units proposed, I shall be grateful if you will favour me wit! 
any remarks as to your own labours in this field, or if you could oblige mc 
with references to any papers or works in which the subject is treated. 

I am. Sir, 

. ; ' Your obedient Servant, 

r-] Fleeming Jenkin. 
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ppEKDix H. — Description of the Electrical Apparattts arranged hy Mr. Flee- 
niBg Jenkin for the production of exact copies of the Standard of Resistance, 

This s^ppAratos is a simple modification of that generally known as " Wheat- 
^ne's bridge/' It contains, however, some special arrangements, in virtue 
ff which various practical difficulties are avoided, so that very great accuracy 
)ui be ensured with comparative ease. The usual bridge-arrangement is 
lihown in Plate I. fig. 9, where the irregular scrolls, A, C, R, S, represent the 
jfcar conductors of which the resistance is to be compared ; the thick black lines 

Sm those portions of the circuit which join the coils with the four comers, 
J Y, Z, Y, and are supposed to have no sensible resistance in comparison 
^th the coils; finally, the thin lines show connexions, the resistance of 
pyMch in no way affects the accuracy of the comparison between the four 
'•oils. By this arrangement the four conductors, A, C, E, S, are so connected 
Tdtli the galvanometer, G, and the battery, B, that no current passes through 
'file galvanometer when the conductors bear such a relation to one another that 

A S 
the equation p=^ holds good; whereas a current in one or other direction 

A . S 

passes so soon as p is greater or less than ^*. Thus the direction and 

strength of the current observed serve as guides by which the resistance of 
any one of the conductors may be gradually adjusted by shortening or 
lengthening the wire, until on the completion of the circuit no deflection 
whatever can be observed on the galvanometer, however delicate it may be, 
or however powerful the battery used. When this has been done, we may 
be sure that the above relation exists between the four conductors. In 
practice, it is seldom desirable to use powerful batteries ; the test is made 
delicate by the use of an extremely sensitive astatic galvanometer. 

In speaking of the four conductors. A, C, R, 8, which are generally all 
eoils of wire of similar construction, although each fulfilling a distinct 
function, some difficulty often occurs in explaining readily which coil or 
conductor is referred to. They can of course be distinguished by letters ; but 
&is requires reference to a diagram on every occasion, and the writer has 
therefore .been in the habit of distinguishing the four coils by names drawn 
from a very obvious analogy existing between this electrical arrangement 
md the common balance in which one weight is compared with another. 
rhe equality between the two weights on either side of a balance, when the 
Index is at zero, depends on the equality of the arms of the balance ; and if 
the arms are unequal, the weights required to bring the index to zero are 
proportional to the arms (inversely). Let A and C be called the arms of the 
electrical balance, while S and B are looked on as analogous to the standard 
treight and mass to be weighed respectively, and let the galvanometer-needle 
Btand for the index of the balance. Then all the above statements, with 
respect to the weights and arms, hold good for the electrical arrangement 
[except that the proportion between the electrical arms and weights is direct 
instead of inverse). The writer therefore calls this arrangement an electric 
balance — ^A and C the arms, S the standard, and E the resistance measured f. 

* This statement holds good also if the batteify and galvanometer wires, as showi^ 
in diagram, are interchanged. 

t The name of parallelogram, sometimes given to the arrangement, is objectionable, 
inasmuch as the relation obtaining between the four conductors is not that which exists 
between the four sides of any parsJlelogram, except in the one case of equality between all 
four conductors. The connexions are, however, most easily followed in a drawing whei^ 

•d2 
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Tho material which I have extensively employed in copying this measure, 
viz. (i«*riiian Nilvor, may bo classed under tho same hes^d as the expensife 
gold-Hilver alloy of Dr. A. Matthiessen, over which it has, however, Ae con- 
Hiderablo adviuitagos of a greater specific resistance, and that its resistanee 
varioH k^H with temperature variations. 

Ah a pri^voiitive against alteration of resistance by the influence of the air, 
I havo UHiially had the rc»iBtances made of this metal covered with a coating 
of Milk uiid lao. 

I nti'rnu'diato botweon tho resistances to be measured and the measure 
itHolf L havo introduced resistance-scales. Those contain each a series of 
rcHiHiaiu'CK (niultiploH of the unit), and are so arranged that each resistance ifl 
nxuct whon it Htaiids Htoppcd alono in tho circuit. When carefully made, these 
H(wiUm may bo doponded on to 0*1 per cent. 

lining oonvinctul of the sufHciency of the method I have described of repro* 
duuing a standard of electrical resistance, I have the honour to suggest to 
you :— 

Ut. To r(M'()m!n(»nd the universal adoption of the conducting power of 
nu^rcury iih unit, and of the resistance which a prism of that metal, a metre 
long and Hcpiare niillinietre section, at 0° C, opposes to a current of elediri- 
oity as common unit of resistance. 

2n(l. To have tho value of this measure ascertained, with the greatest poi- 
Mible oxactnesH, in absolute units. 

2)rd. To liave copies of this unit constructed in mercury contained in glass 
spirals for preservation in scientific repositories. 

In tho event of my suggestions being adopted, the mercury unit should be 
detenninod again with the greatest possible care, and with aU the help which 
pure and a])plied science offers, and copies of it made with equal exactness. 

According to a late determination by Weber, the mercury unit is only about 
2^ per cent, greater than 10*** absolute units, or one mercury unit at ^26° 0. 
would equal 10,000,000,000 absolute units. 

Since those cases in which the expression of resistances in absolute measure 
is of advantage in facilitating calculations occur only very seldom, and only 
in purely scientific exercises, a single determination of the relation of the two 
measures would be amply sufiicient. Should the absolute unit or any mul- 
tiple of it be adopted as common unit of resistance, there would still be 
wanted a unit for expressing tho conducting powers of bodies ; and mercury 
is indisputably the best calculated for this purpose. And for practical pur- 
poses, which in adopting a universal unit should be principally taken into 
consideration, it is indispensable to define the resistance-measure as a geo- 
metrical body of that material which is selected as unit of conducting power. 
Every other definition would not only burden unnecessarily the calculations 
which occur in common life, but also confuse our conception of the measure. 

The reason why tho arbitrary unit proposed by Jacobi (a length of copper 
only approivimatelj/ defined) found no admittance into general use is to be 
sought in tho fact that it failed to fulfil this condition, and because the conduc- 
ting power of all solid bodies is too dependent on their molecular structure. 

The same olycction renders the adoption of the gold-silver alloy proposed 
by Dr. A. Matthiessen equally incapable. 

Another disadvantage in the way of a solid metal unit is the impossibility 
to solder thick connexions into the ends of a defined length of any wire 
without altering its resistance. 

Should the adoption of the mercury unit be deemed advisable, I would 
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']^lace. 9.t the service of the Eritish Association any farther information or 
fijssistanGe in my power. 

I have the honour to be, Gentlemen, 

Your most obedient Servant, 

"W. Siemens. 

Afpendix F. — Extracts from a Letter addressed to Professor WiLLiAMSOiir hf 

Dr. EssELBAcn. 

The two objections against the practical applications of Weber's absolute 
unit have been sufficiently pointed out as being — 

1. Its minuteness ; and 

2. That the electromotive force of galvanic elements does not allow of 
variation (as strength of current, tension, and resistance do), but that we 
have to accept certain constants as nature has fixed them. 

I take it for granted that the standard of absolute unit would not lose in 
authority if a plain multiple of it were adopted. I need not point out that 

the French metre itself is only a submultiple, joWooo^^ ^^ ^ natural unit — ^the 
earth's quadrant. The multiple of the natural electro-magnetic unit I am 
about to suggest for practical use is 10^°, therefore very simple (which is of 
no Httle importance) ; and it is a multiple which leads us to those standards 
which are practically used. 

M . Bosscha gives the electromotive force of his Daniell's cells in absolute 
measure as 

1025-80 . 10% 

and calculates the one used by Mr. Joule to bo 

1045-1 . 10^ 

It win therefore be practicable to determine such concentration of sulphuric 
add as to make the electromotive force equal to 

10 . 10^^ ; 

and I believe the concentration required would be very near what is actually 
nsed in telegraphy. 

Resistance. — The different copies of Jacobi's e talons are well known to 
diflfet as much between each other as Daniell's cells ; and if Siemens had 
done nothing else for galvanometry than to give us copies which agree among 
themselves within a quarter per cent., the progress is obvious. 

Weber's copy of Jacobi's etalon is 

698. 10"^; 
and that of M. Bosscha was 

607.10^ 
in absolute measure. 

Other statements (of Kirchhoff and others) give a much smaller value. 

In comparing Mr. Siemens's mercury standard with three copies of Jacobi's 
Etalon in his possession, I found two of them agreeing tolerably well with 
each other, and with a third one copied by my friend Dr. Teddersen, at 
Iieipzig, from the original of M. Leyscr, which I took therefore to be the 
more correct ones. I found the absolute value of Siemens's unit to be 

660 ' 

or 1-1 Siemens's unit=10^\ 

'We siionld therefore only have to multiply all observatioTQa ^T^jMHfti^m 

'■• ■ - 
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Siemens's units by — p to reduce them to absolute measure^ and the suggested 

multiple for the future standard would not be far from I'l of Siemens's units, 
which every one admits to be for metallic conductors a practical unit. 

For the resistance of insulating materials the figures become impracticably 
high ; but it would be a matter of professional telegraphy to adopt, in con- 
formity with the system, the ' resistance ' 10" and, besides, another * great 
resistance ' containing 10" ' resistances.' 

While the resistance of a mile of copper in an ordinary cable would be (say) 
4 R. (four resistances), the insulation -resistance of a mile of cable would be 
about 0'04 G. R. (great or gutta-percha resistances). 

My suggestion would therefore be — 

1. To adopt Weber's absolute unit, and to derive from it, by the multiple 
10" (or 10,000,000,000), the practical unit. 

2. To adopt 10" of Weber's electro-magnetic units as the * practical abso- 
lute unit ' for electromotive force and resistance. 

(10 of these units would be exactly 1 Daniell's cell). 

3. 1 of these units would be 1*1 of Siemens's units. 

4. To allow, besides, a ' practical great unit,' viz. 10" of the * practical 
units,' for resistances in order to express the insulation-resistance of cables 
in convenient figures. 

5. To allow also a ' practical small unit ' of :r-^ absolute units to express 

insulation-currents and charge-quantities of cables in convenient figpires. 

6. To adopt, in order to avoid confusion, for such * practical units' a 
terminology as proposed by Messrs. Bright and Clark. 

London, September 18, 1862. 

Appendix G. — Circular addressed to Foreign Men of Science. 

Sir, — I am requested to inform you that a Committee was appointed by the 
British Association, which met last year at Manchester, to report on Electrical 
Standards of Resistance. 

The Committee consists of the following gentlemen : — 



Professor W. H. Miller, F.R.S. (Cam- 
bridge). 

A. Matthiessen, Ph.D., F.R.S. (Lon- 
don) . 

Fleeming Jenkin, Esq. (London). 



Professor A. W. Williamson, F.R.S. 

(University College, London). 
Professor Charles Wheatstone, F.R.S. 

(London). 
Professor William Thomson, F.R.S. 

(Glasgow). 

The Committee met on December 6th, 1861, and on April 3rd, 1862. On 
the latter occasion the following Resolution was passed : — 

" Resolved, — That the following gentlemen be informed of the appoint- 
ment of the present Committee, and be requested to furnish sugges- 
tions in furtherance of its object. 



Professor Edlund (Upsala). 
Professor Th. Fcchner (Leipzig). 
Dr. Henry (Washington). 
Professor Jacobi (St. Petersburg). 



Professor Neumann (Konigsberg). 
Professor J. C. Poggendorff (Berlin), 
M. Pouillet (Paris). 
Werner Siemens, Ph.D. (Berlin). 



Professor G. Kirchhoff (Heidelberg). Professor W. G. Weber (Gottingen).'* 
Professor C. Matteucci (Turin). 

I have, in consequence, the honour of addressing you the present letter. 
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Tho Besolutions passed at the two meetings are enclosed, and from them 
rou will gather the general scope of the Committee's inquiry. I add some 
turther explanation as to the objects and intentions of the Committee. 

Great inconvenience has been felt from the absence of any generally adopted 
unit for the measurement of electrical resistance, and it was thought that the 
influence of the British Association might be successfully exerted to procure 
ihe adoption of a common standard. The present time was thought especially 
iiYourable, since, although the methods of observation have been brought to 
i:<reat perfection, no local units have as yet taken very deep root. 

The units which up to the present time have been considered by the 
-Committee may be classed under three heads : — 

Ist. A given length and weight or section of wire made of some pure 
pDietal, and observed at a given temperature, as originally proposed by 
Rprofessors Wheatstone, Jacobi, and others. 

2iid. Units based on Weber's and Gauss's system of absolute measurement. 

3rd. A given length and section of pure mercury at a given temperature. 

Whatever basis is adopted for the unit, it is proposed. that the unit adopted 
*hall be represented by one particular standard, constructed of very permanent 
gnaterials, laid up in a national repository ; and it has been proposed to use 
T. A. Matthiessen's gold-and-silver alloy for this purpose. The arguments 
rhich have been used for and against these systems are as follows : — 
i In favour of the use of a wire of some pure metal it is said — 

That the plan is the simplest possible, and admits of independent observers 
^Jbrming their own standard. 

Against this plan it is said — 

tlst. That even when pure, two apparently similar wires do not resist 
[ually unless their temper or molecular condition be the same — a condition 
hich cannot practically be ensured. 
^ 2nd. That there is reason to believe that the resistance of a given wire is 
pbot constant even at a constant temperature. 

I 3rd. That the resistance of all pure metals varies very rapidly with the 
^temperature. 

4th. That great difficulty is found in obtaining any metal pure, and that 
le attempt of most persons to reproduce the unit for their own use would be 
(nded with incorrect results. This is evidenced by the different relative 
Its as to the resistance of pure metals published by different observers. 
In favour of Weber's units it is urged — 
Ist. That their use wiU ensure the adoption of a complete system of corre- 
%xmding standards for electrical currents, quantities, and tension or difference 
l<f potential. 
2nd. That their use is essential in the dynamic treatment of any problem 
lected with electricity ; for instance, in determining the heat generated, 
force exerted, the work done, and the chemical action required or pro- 
under any given circumstances. 
3rd. That their use would be a simple extension of the system already 
imiversally ^opted in magnetic measurements. 

4th. That the unit is independent of the physical properties of any 
Miaterial. 

Against the system it is urged that the unit cannot be determined with 
mfficient accuracy, and that even its approximate reproduction, where copies 
cannot be obtained, is difficult and expensive. 
In favour of the mercury standard the following arguments are used : — • 
Ist. No change can occur in the molecular structure or temper of t\v<ik 
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(»f t ho nuich Irtwr pubject of goiieral electrical measurement. The Committee,! 
iiitrr iniituro coiisidoration, are of opinion that the system of so-callM abso- 1 
lut(' rloctrinil units, based on purely mechanical measurements, is notonlf^ 
tho bent HyHteiii yet proposed, but is the only one consistent with our present 
kiio\vl('d);e botli of the relations existing; between the various electrical phe- 1 
iiotnena and of the connexion between these and the fundamental measun-l 
luentrt of time, npaco, and mass. The only hesitation felt by the Committer 
wuM eniiHed by doubts as to the degree of accuracy with which this admiralib -' 
nynteni eotild bo or had been reduced to practice. 

The nieasuriMnents of voltaic currents, electromotive force, and quantity 
wtMihl olVer little diftleulty, provided only electrical resistance could be mea- 
Hurrd in absolute units; and for this purpose it would be sufficient thattk 
n*NiHlHn(M* of a single standanl conductor should be so determined, since copiei 
of thirt Htandard could be multipUed at will with any desired precision, and 
from eonipariHon with these copies the absolute resistance of any circuit what- 
ever eouhi bo obtained by methods requiring comparatively Httle skiU and 
well know n to all elect ricians. The practical adoption of the absolute system 
was felt tluTefoiv to depend on the accuracy with which the absolute reast- 
anrt^ of soint^ one standard conductor could be measured ; and while doubts 
oxiNtod on this point, it was thought prematura to make any extended expe-ki J 
rinu^nts on the ap])lieation of the absolute system to voltaic currents, electro- 1^ 
motive force, or timintity. The Committee are happy to report that these 
(lotilits have been dispelled by the success of the experiments made for the 
(Committee by l*rofessor J. Clerk Maxwell, Mr. Balfour Stewart, and Mr. 
Fleeming Jenkin, aecording to the method devised by Professor W. Thomson. 
These experiments have been actively prosecuted at King*s College for the 
last tlvo mont hs with continually increasing success, as, one by one, successive 
nieehanieal and electrical improvements have been introduced, and the various 
sources of error discovered and eliminated. 

'J'ho Subconimitteo ai*e confident that considerably greater accuracy can 
yet bo obtained by the further removal of sUght defects, the importance of 
which only became apparent when the main difficulties had been overcome. 
Til order, thi^rolbre, to secure the best attainable result, and still further to 
tost the accuracy and concordance of the experiments before taking any irre- 
vocable step, the Committee have decided not to issue standard coils at the 
l)rcscnt 3Iet»ting ; but the results already obtained leave no room for douht 
that the absolute system may be adopted, and that the final standard of re- 
sistance may be constructed without any serious delay. Over-haste might 
eventually outail corrections as inconvenient as those which would follow an 
arbitrary and unscientific choice of units, and the very experiments made by 
the Subcommittee prove that the hesitation of many to adopt the absolute 
units as hitherto determined was well founded. It is certain that resistance- 
coils purporting to have been constructed from previous absolute determina- 
tions do not agree one with another within 7, 8, or even 12 per cent. 

Before further alluding to the results obtained by the Subcommittee, it is 
desirable that the experiments themselves should be understood ; and to this 
end the Committee have thought fit that a full explanation of the meaning of 
absolute measurement, and of the principles by wluch absolute electrical units 
are determined, should form part of the present Keport, especially as the only 
information on the subject now extant is scattered in detached papers by 
'^'^^ "^Amaon, Helmholtz, and others, requiring considerable labour to 

stand. In order to make this account as clear as possible, it 
t beet to disregard entirely the chronological order of the 
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and thermal eflSscts prodaoed hj electricity coold be negleeted, such a ststem 
might perhaps be called abscdute. Bat all our knowledge of electriatj is 
derived from the mechanical, chemical, and thermal effects whidi it pro- 
duces, and these effects cannot be ignored in a trae abeolate system. Che- 
mical and thermal effects are, howeyer, now all measored by reference to the 
mechanical nnit of work ; and therefore, in forming a coherent electrical 
system, the chemical and thermal effects may be neglected, and it is only 
necessary to attend to the connexion between electrical magnitudes and the 
mechanical units. What, then, are the mechanical effects observed in con- 
nexion with electricity? First, it has been proved that whenever a current 
flows through any circuit it performs work, or produces heat or chemical 
action equivalent to work. This work or its equivalent was experimentally 
proved by Dr. Joule to be directly proportional to the square of the current, 
to the time during which it acts, and to the resistance of the circuit ; and it 
depends on these magnitudes only. In mathematioal language this is ex* 
pressed by the equation 

, W=C?IU, (3) 

where W=the work equivalent to aU the effects produced in the circuit, and 
the other letters retain their previous signification. This is the third funda- 
mental equation affecting the four electrical quantities, and represents the 
most important connexion between them and the mechanical units. From 
equation (3) it follows (unless another absurd coefficeint be introduced) that 
the unit current flowing for a unit of time through a circuit of unit re- 
sistance will perform a unit of work or its equivalent. If every relation 
existing between electrical and mechanical measurements were expressed by 
the three fundamental equations now given, they would still leave the scries 
of units undefined, and one unit might be arbitrarily chosen from which the 
three other units would bo deduced by the three equations ; but these three 
equations by no means exhaust the natural relations between mechanical and 
electrical measurements. For instance, it is observed that two equal and 
Bimilar quantities of electricity collected in two points repel one auother with 
a force (F) directly proportional to the quantity Q, and inversely to the 
square of the distance (d) between the points. This gives the equation 

from which it would follow that the unit quantity should bo that which at 
a unit distance repels a similar and equal quantity with unit force. The 
four equations now given are sufficient to measure all electrical phenomena 
by reference to time, mass, and space only, or, in other words, to determine 
the four electrical units by reference to mechanical units. Equation (4) at 
once determines the unit of quantity, which, by equation (2), determines the 
unit current ; the unit of resistance is then determined by equation (3), and the 
unit electromotive force by equation (1). Here, then, is one absolute or cohe- 
rent system, starting from an effect produced by electricity when at rest. The 
units based on these four equations aro precisely those called by Weber eleo- 
trostatical units, although it may be observed that he chose those units 
without reference to what is here called the third fundamental equation, or, 
in other words, without reference to the idea of work, introduced into the 
system by Thomson and Helmholtz*. 

The four equations are sufficient to determine the four units, and into thitf 
system no new relation can be introduced. The first three equations may, 

* r«Vf(? Appendix C, § 31. 
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haworoTf bo roiainod, and a distinct absolute system estaUidied by sabsti- 
luting some othor relation between electrical and meckameal magnitadcs 
than is expressed in enuation (4) ; and, indeed, the electrostatical system just 
doflned is not that winch will be found most generally usefuL It is based on 
B statical phenomenon, whereas at present the chief applicatkuis oi electricity 
are dynamio, depending on electricity in motion, or on voltaic eorrents with 
their accompanying electro-magnetic effects. Now the force exerted on the 
]Kilo of a magnet by a current in its neighbourhood is a purely mechanical 
phenomonon. Tliis force (/) is proportional to the magnetic strength (m) of 
the pole of the magnet, and to the strength of the current G ; and if the con- 
duoi'Or be at all points ecpiidistant from the pole, or, in other words, be bent 
in a eirrle of the radius k round the pole, the force is proportional to the 
length of the ccmduotor (L) ; it is also inversely proportional to the square of 
the distnnee {k) of the pole from the conductor, and is affected l^ no other 
clroumstanrcs than those named. Hence we have 

-- *r ^^) 

From (his r(]ttatlon it follows that the unit lengtb of the unit current must 
lifodiiee the tinit force on a unit pole at the unit distance. If the equations 
( 1 ), (2), (M), ntid (5) are adopted as fundamental, they give a distinct ahsolute 
system of units, called by Weber the electro-magnetic units. Equations (4) 
and (5) are itioonijintihlo one with another, if equation (2) be considered 
fundament nl \ btii the oloctro-magnetio units have a constant and natural rela- 
titm tf) the elroirostatio units. It will bo seen that in the fundamental equa- 
tioti (H) of the rlectro-tnagnetio system, besides the measurement of time, space, 
and mass, alone entering into the other equations, a fourth measurement (m) 
of a mngnetio pole is required; but this measurement is in itself made in 
trrtns of the nicchnnioal units, for the unit pole is simply that which repels 
another cqtial polo at unit distance with unit force. Thus in the electro- 
magnetio as in the electrostatic system all measurements are ultimately 
referred to the fttndamental units of time, space, and mass. The electro- 
magnetic units are found much tho more convenient when dealing, as we have 
now chiefly occasion to do, with electro-magnetic phenomena. 

Tho relations of the eloctro-mognetic units one to another and to the 
mechanical units moy bo summed up as follows : — ^The unit current conveys 
a unit qtiautifcy of electricity through tho circuit in a unit of time. The unit 
current in a cotuluotor of unit resistance produces an effect equivalent to the 
unit of work in tho unit of titne. Tho unit current will be produced in a 
circuit of unit rcHistanco by tho unit electromotive force. The unit current 
flowing through a conductor of tmit length will exert the unit force on a unit 
polo at unit distance. (In the electrostatic system all the above propositions 
hold good except the last, for which tho following must bo substituted : — the 
unit quantity of electricity will repel a similar quantity at the unit distance 
with unit force.) 

It remains to be explained how electrical measurements can be practically 
made in electro-magnetic units. Of uU the magnitudes, currents are the most 
easily measured, provided the horizontal force (H) of the earth's magnetism be 
known. Lot a length (L) of wire be wound so as to form a circular coil of 
small section as compared with its radius (Jc), 

Let a short magnet be hung in the centre of the coil placed in tho 
•io meridian, as in the ordinary tangent galvanometer, and let the 
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deflection produced by the current C be called d, then it is easily* proved 
from the fundamental equation (5) that 

'^=-j-tanc? (G) 

Thus, where the value of H is known, a tangent galvanometer only is required 
to determine the magnitude of a current in electro-magnetic absolute mea- 
surement, although neither the resistance of the circuit nor the electromotive 
force producing the current may be known. The measurement of quantity 
can be obtained from that of a current by a make-and-break apparatus, or 
** Wippe," in a well-known manner, or by measuring the swing of a galvano- 
meter-needle when a single instantaneous discharge is allowed to pass througli 
it (Appendix C, § 25). If, therefore, we could measure resistance in abso- 
lute measure, the whole system of practical absolute measurement would be 
complete, since, when the current and resistance are known, equation (1) 
(Ohm's law) directly gives the electromotive force producing the current* 
The object of the experiments of the Subcommittee (made at King's College, 
"by the kind permission of the Principal) was therefore to determine, in the 
absolute system, the resistance of a certain piece of wire, in order from this 
one careful determination to construct the material representative of the 
absolute unit with which all other resistances would be compared by weU- 
known methods. 

There are several means by which the absolute resistance of a wire can 
be measured. Starting from equation (3), Professor Thomson, in 1851, deter- 
mined the absolute resistance of a wire by means of Dr. Joule's experimental 
measurement of the heat developed in the wire by a current f ; and by this 
method he obtained a result which agrees within about 5 per cent, with our 
latest experiments. This method is the simplest of all, so far as the mental 
conception is concerned, and is probably susceptible of very considerable 
accuracy. 

Indirect methods depending on the electromotive force induced in a wire 
moving across a magnetic field have, however, now been more accurately 
apphed ; but, before describing these methods, it will be necessary to point 
out the connexion between the electromotive force induced in the above 
manner and the fundamental equations adopted for the absolute system. The 
exact sense in which the terms are employed is defined in the accompanying 
footnote, along with some simple corollaries from those definitions^, 

• The resultant electro-magnetic force (/) exerted at the centre of the coil by a current (C) 
will, by equation (5), be/= -p-, and the short magnet hung in the centre will experience a 

couple acting in a direction perpendicular to the plane of the coil equal to , ^ , where 

ml = the product of the strength of one of the poles into the length of the magnet, or, in 
other words, its magnetic moment. The strength of the couple acting perpendicularly 
to the axis of the magnet, when it has deflected to an angle d under the influence of the 

current, will be cos ^ ^ ; at the same ime the equal and opposite couple exerted on 

the magnet by the earth's magnetism will be sin <^ "Hml ; hence 

C«-=-x — ;.=-=- tan rf. 
L cos a Xi 

t Phil. Mag. vol. ii. ser. 4, 1851, p. 551. « , , , « 

J Definition 1.— A magnetic field is any space in the neighbourho6d of a magttet. 
Definition 2. — ^The unit magnetic pole it that which, at a unit distance from a similaif 
pole, is repelled with unit force. 
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Tho equal and opposito couplo caused by the earth's magnetism Tvill be 
Ilml Bin d. Hence 

an equation from which tho oarth*8 magnetic force and the moment of the 8q»- 
pendcd magnet have been eliminated, and by which the absolute resistanee 
(U) can bo calculated in terms of tho length (L), the velocity(y),theiadiiiB(]t)y 
and the deflection {d). The resistance thus calculated is expr^eed in elecbn- 
magnetic absolute units, because equation (10) is a simple consequence of equa- 
tions (1), f3^,and (5) — fundamental etjuations in the electro- magnetic system. 
The essence of Professor Thomson's method consists in substituting, by aii ^ 
of tho laws of electro-magnetic induction, the measurements of a velocity and 
a deflection for the more complex and therefore less accurate measarementi 
of work and force required in the simple fundamental equations. But, hov- f . 
ever simple in theory the method may be, the practical determination of tiie 
absolute resistance of a conductor by its means required great care and Toy 
numerous precautions, — some of an obvious character, while the need of otlien 
only became apparent during the course of the experiments. 

The apparatus consisted of two circular coils of copper wire, about one foot 
in diameter, placed side by side, and connected in series ; these coils revolTed 
on a vertical axis, and were driven by a belt from a hand-winch, fitied 
with Huyghens's gear to produce a sensibly constant driving-power. Asxnali 
magnet, with a mirror attached, was hung in the centre of the two coils, and the 
deflections of this magnet were read by a telescope from the reflection of a scale 
in the mirror. « A frictional governor controlled the speed of the revolving 
coil. The details and a drawing of the apparatus are given in Appendix D 
and Plato II. ; but a short account may fitly be given here of the points of 
chief practical importance, the difficulties encountered, and the improvements 
still desirable. 

It is essential that the dimensions of the coil be very accurately knoim, 
that the axis on which it revolves should be truly vertical, and that, exc^t 
in the coil itself, no currents affecting the position of the magnet be induced 
in any part of tho apparatus. To measure the angular deflection the 
distance of the scale from the mirror is required, and the scale must be truly 
perpendicular to the line joining its middle point with the suspension^ 
fibre. All these conditions were fulfilled without difficulty; but the scale 
by the reflection of which the deflections were measured was, towards the 
end of tlie experiments, found not to be very accurately divided ; and 
although a correction for this inaccuracy has been applied in the calculations, 
an improvement can in future experiments be effected by the use of a more 
perfect scale. The mtignet was suspended by a single silk fibre, eight feet 
long, inside a wooden case, and by suitable adjustments was brought very 
carefully to the centre of the coils. The whole suspended system was so 
screened from currents of air, and so weU protected from vibration, that when 
the coil revolved at its full speed of 350 revolutions per minute, the reflection 
in the mirror was as clear and undisturbed as when the coil was at rest. 
The torsion of the long fibre was determined by experiment, and the slight 
necessary corrections applied in the calculations. The Huyghens's gearing for 
4riiA linking hand- winch was somewhat roughly constructed, and could certcunly 
md ; nevertheless there was little difficulty in maintaining a sensibly 
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ptant driving-power for twenty minutea at a time. Tlio speed of the coU 

■ eontroUod by a friotionol governor of novel form, designed by Mr. Jenkin 
fanother pnrpoae, and lent for the experiments in qneation. The action of 

■ governor, combined with that of the driving-gear, was such that in many 
its the oscillationa in deflection due to a change of speed were Dot 
s those due to the passage of steamers in the river when all parts of 

Bpparatua were at rest ; ao that the deflections diiring twenty minutes 

id ho quite aa accurately observed as the slightly imperfect zero-point 

h which they were measured. Still bettor results are espected with a 

sr governor, made specially for the apparatus, on the joint plans of Pro- 

r Thomaon and Mr. Jenkin. The oscillations produced by the passage 

samers on the Thames at no great distance from the place of esperiments 

f very sensible magnitude ; and although by carefully observing the 

if every oscillation during every esperiment the error due to this causa 

n great part eliminated, it is desirable that any futAire experiments should 

inducted in some spot free from all local magnetic disturbance. 

3 speed of the coil waa determined by observing on a chronometer the 
mt at which a small gong was struct by a detent released once in every 
ed revolutions. Mr. Balfour Stewart's skill in tliia kind of observation 
id him thus to determine tho velocity with great accuracy, eapecially 
5 observations frequently lasted for twenty minutes without material 
ration in the speed. 

ing the operation of coiling the wire, the circumference of the core 
h auccessive layer waa carefully measured by means of a ateel 
lied first to the coil, and then to a standard scale, allowance being 
le half thickness of the steel. From this the mean radius and depth 
i coil and the effective length of the wire were determined, It was 
ideied advisable, however, in order to cheek any error in countiug the 
r of windings of the coil, te measure the length of tho wire when un- 
This was eifected without stretehing the wire, in a manner amusing 
l| its simplicity. At the conclusion of the experiments, the wire to be mea- 
Tia uncoiled in the Museum at King's College and lay in awkward 
nthe planked floor. The straight planks formed an obvious contrast 
a crooked wire, and a joint between the planks was found where the 
5 was just sufficient to hold the wire when pushed into this little 
Held in this way, the wire when measured was quite straight, and 
s never stretched. 
a other meaaurementa than those already described are required by tho 
le theory ; but thia theory, as hitherto stated, stands in need of various 
it eorrectiona. The currents induced by the earth's magnetism are modi- 
hy the currents induced by the little suspended magnet, and also by 
the induction of the coil on itself. The force deflecting the magnet is also 
modified by the lateral distance of the coils from the vertical asis. An ela- 
borate analysis of tho corrections required on these grounds was made by 
Professor Maxwell (Appendix D), and to allow of these corrections, the mo. 
ment of the suspended magnet was measured, and the position of every torn 
of the copper coil carefully observed. An experimental detonninatioQ of tho 
induction of the coil on itself, by a method due to Professor Maxwell, agreed 
with the calculated correction within one quarter per cent. 

The re^tanee of the copper coil measured by these laborious experiments 
railed each day, and during each da}-, aeeording to the temperature ; and, 

E; this temperature could at no time be determined with snfficient ac- 
It was therefore intended J^^A^Ul^ cxpci^mcnl a »[tv9^\ (^v^tm'i^- 



njxBieration of objects to be pursued by the. Committee, if reappointed at the 
reeent MeetiDg : — 

1st. The experiments on the determination of the absolute unit of resist- 
nee will be continued. 

^nd. Immediately on the conclusion of these experiments, equal standards, 
•oiiBtructed of such metals as promise the greatest constancy, wiU be depo- 
rted at Kew, where the permanence of their equality will be rigorously 
^ftted. 

3rd. Unit resistance-coils of the best known construction will be issued to 
^e public. 

4th. The experiments already begun on the permanence of the electrical 
'^OwBtance of wires and alloys under various circumstances will be continued 
fekid extended. 

6th. The experiments on the reproduction of standards by chemical meana 
^^31 be continued. 

6th. Experiments on the best construction of gauges of electromotive force. 

difference of potential, and on electrometers, will be continued. 

7th. A standard galvanometer, for the measurement of currents in absolute 
L^asure, will be constructed, and electro-dynamometers for the same purpose 
*Hlinpared with the standard instrument, and issued to the public. 

8th. Experiments on the ratio between the electrostatic units and the 
^lectro.magnetic units will be undertaken. 

9th. Experiments will be made on the development of heat in conductors 
OC known absolute resistance with currents of known absolute magnitude, 
^Phe results of this experiment will give, by equation (3), a new and very 
Accurate determination of the mechanical value of the unit of heat. 

The conclusion of the experiments on absolute resistance, and the adoption 
^CfeiP the absolute system as the basis of all electrical measurement, will, it is 
lloped^ allow considerable progress to be made in most of these researches. 



ApP£in)nL A. — On the Electrical Permanency of Metals and Alloys. 
[ By A. Matthiessen, F,R.Si 

iThe following are the results obtained with the metals and alloys described 
in Appendix B of the Report on Standards of Electrical Eesistance by your 
Committee: — 
The wires to be experimented on were — 

2 SUver- ^d^"^ } Cut from the same piece; pure. 

3. Silver : hard-drawn 1 Cut from the same piece, but different 

4. Silver : annealed j from 1 and 2 ; pure. 

6. Copper : hard-drawn \ ^^^ ^^.^^ ^^^ ^^^^ .^^^ 

0. Copper : annealed J ^ ' ^ 

7. Copper : hard-drawn 1 Cut from the same piece, but different 

8. Copper : annealed J from 5 and 6 ; pure. 

iS:^S; SiS":. :::::::: }c"*f--*--«p-«'p'^'^\ 

11. Gk)Id : hard- drawn \ Cut from the same piece, but different 

12. Gold^ annealed J from 9 aud 10 ; pure. 
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13. Platinum : hard-drawn . • . . 1 

14. Platinum : hard-drawn .... J 

15. Gold-silvor alloy : hard-drawn 1 

16. Gold-silver alloy : hard-drawn J 

17. Gorman Bilver : annealed .... 

18. Gorman Bilvor : annealed .... 

19. German silver : annealed .... 



Cut from the samo piece ; oommerciaL 

Cut from same piece. Made by Messrs 
Johnson and Matthey. 

Cut from the same piece. No. 19 ar- 
ranged with longer connectors, and 
used as normal wire with which the 
rest were compared. 



These were first tested on May 9th, 1862, and at intervals between thai 
date and June 14th, 1863, when they were last tested. During the time 
when not used, they were hung up in a room where in the winter a fire was 
kept all day, so that the temperature may have varied at times some 10 oi 
12 degrees in the twenty-four hours. 

The following Table contains the results of the first and last comparisona 
I have taken the conducting power in the first in all cases equal to 100 as 
compared with No. 19; in the last I have assimied that the conductbg 
power of No. 15 has remained unaltered : — 



1. Silver: hard-drawn 

2. Silver: annealed 

3. Silver: hard-drawn 

4. Silver: annealed 

5. Copper: hard-drawn 

6. Copper: annealed 

7. Copper: hard-drawn 

8. Copper: annealed 

9. Qt)la: hard-drawn 

10. Gold: annealed 

11. Gold: hard-drawn 

12. Gold: annealed 

13. Platinum : hard-drawn 

14. Platinum: hard-drawn 

15. Gold-silver alloy : hard-drawn 

16. Gold-silver alloy : hard-drawn 

17. German silver : annealed 

18. German silver : annealed 

19. German silver : annealed 



Conducting powers found, as 
compared with No. 19 « 100. 



1. 



2. 



May 9, 
1862. 



10000 
10000 
100-00 
10000 
10000 
100-00 
100-00 
100-00 
100-00 
10000 
100-00 
10000 
10000 
10000 
100-00 
10000 
10000 
10000 



T. 



20-2 
20-2 
20-2 
20-2 
201 
20-1 
20-0 
20-0 
20-0 
20-0 
20-0 
200 
20-0 
200 
200 
19-9 
20-3 
20-3 



Juue 14, 
1863. 



103-700 
99-740 

102-590 
99-825 

100040 
99-807 
99-941 
95-358 
99-838 
99-856 
99-662 
99-670 
99-744 
99-792 
99-793 
99-756 
99-955 
99-938 



T. 



20-0 
20-1 
20-2 
200 
20-2 
20-0 
19-8 
20-4 
20-2 
20-0 
20-2 
20-3 
20-2 
20-2 
20-2 
20-3 
20-0 
200 



Condacting 
power found, as 
compared with 
JNo. 15-^100. 



103-915 

99-947 

102-807 

100-031 

100-248 

100-016 

100-149 

95-556 

100-046 

100062 

99-869 

99-877 

99-951 

99-999 

100-000 

99-963 

100-162 

100-145 

100-217 



T. 



20-0 
201 
20-2 
20-0 
20-2 
200 
19-8 
20-4 
20-2 
20O 
20-2 
20-3 
20-2 
20-2 
20-2 
20-3 
200 
20K) 
20-2 



Prom the above it would appear that if the conducting power of No. li 
has remained constant, that of all the others has altered ; but supposing 
such to be the case, it will be found on comparing the values that the con- 
ducting powers have all altered in a like extent. Is it probable ? Is i 
not more probable that the conducting power of the German silver ha 
changed, than that that of all the others should have altered in the sam 
degree ? If that of the gold-silver aUoy (No. 15) be called 100-00 instead c 
99-793, then, as will be seen from column 3| very few show any change i 



r condoding poirs. Hme -jyTricn :^ir :j> T^nsbie oansr jce a 

ws: — 

IJo. ± SItct : ajmeaied. '^•^^ 

3ro. -L Shw: anseaied. 1 .♦•^•ol 

Xo- 6. Copper : annEaied !■ « »-*L-3 

^To. 9. Gcid : haid-^nvn *_'.«**»'45 

3ro. 10. Gold: ainieaicd ... I'li-^Bli 

Xo. 13. nathmm : haid-irswii rf*-^f51 

Xo. 14. natrmrm : oard— iiawn. . >*r'*'.M* 

Xo. 15. Gtiid-alT?? ail&v : jiard— mwn. . . j *ij- •• ■« > 

5*0. 16. Gfoid-airPT iils>v: aaid— inwTi . >i^-^*v> 

le difB^rences m liie aboT^ m prooably hxe "ja 'jBnpefarnre :cr uf 'he 
3 are in tabes filled wiiii 3arbonic~u"n zss. ^re ^au Ofcvr^ ' x- LUMinicir 
that wire has exactly "iie same tEmpennzr>! is "iie 'neb. In prmttny 
) resistance-<!oila this 5-:Trrie it -fmr is niaceiiaily liminisbtHJ, mii Ji 
! experiments wbicb. are xboiir >i be ouide j3 niztber %M ^e eLeLtziir-U. 
anency of metala and. aZoy? 'iiis aoarce -if error will be almi»t enorely 
ited. It may be here asizi ::ienrLoiied. rba: die reason of placing tiw 
) in glass tdbes filled viiii carbccic-add gas was to obviate the oxidation 
e metal or alloy by tbe oxyzen of the sir, or from the acids produced by 
xidation of the oil cr fat with which the wires are covered when drawn^ 
e holes in the draw-plates are generally oiled or groasod, &o. 
.086 whose conducting-power has changed are as follows : — 

Values tnktMi fn)in (miIuiiiii !I. 

No. 1. Silver : hard-drawn lO^'Jilfi 

No. 3. Silver : hard-drawn ]()2*8(}7 • 

No. 6. Copper : hard-drawn l(i()'24S 

No. 7. Copper : hard-drawn lOO'HO 

No. 8. Copper : annealed Uo'ooti 

No. 11. Gold : hard-drawn UUW.f 

No. 12, Gold : annealed UU'>.77 

No. 17. German silver: anneale<l JV>'i'i>5 

No. 18. German silver : annealr^ ....*. y/, li*'* 

No. 19. German silver : anneaM ,,.... J ^// if // 

e cause of the change in the o«nductinjf j>'^w«;n 'Ax^^ i/.v;» c v# . < 
LS undoubtedly due to their bocoiiiiu;^ bou.'.'Vi'ixv.^. w*.*^ •*/ 'y ••>»*'* ^' •"'• 
I the alteration maybe attribuU>d Vj i\:xj\\ h\j^'^^^iw. .' *•<* '''^ '''> 
ng power of the German bjJ v er k-t \^ ^r 'lu* in UK *»'•'.» ^><» j i « /».*.». < ** < * ' f 
• that aU German BHver will do bo ; lu* **« ltii< tri.t r-^'*^ *'•••- --^ • -*"* 
ot altered, but Nos. 11 aiid j^ /'viti'-l x'<-'» •'»• "i'''' '" "•"■' ,# 
d different one from the one lion wi»i«:i *•> * -•J'' •* ♦•'" •' 

altered. Further experimouvt an- ii^^v*.'^'^*'' «'*'i'''- ' • -"' -^ ' 
[netals and allo}^ given ubuv* m toJArfuiJi *' ^'*-' ^v. > --r > 
o or not. 

hroderran der Kolk suivw^ lim' tjx« «j'^jiOu'.'Vf:.f ^ j --/*■ 

rgoes a change when even wwij cunyjiw'Ai ;j,^.. • ,• - 
rder to see whether that of tu« aj^jv« 
Ebllowing experiment wah aiianji*^ . 

connected together, autl t cuneu^. liwn »*•• 
las through them day anti nigu- io* »»* - '.*^.f 



." »- - 



»i.« 



/ 



** if •, ....'' '*- • ' 
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^very morning and evening, and the dilute sulphuric acid renewed. The ex- 
periment was carried out soon after June 14, 1863. In the subjoined TaUfl 
the conducting powers are given as found before and after the trial, com- 
pared with No. 19. 

Conducting power observed, as compared 
with No.l9^ 100. 
Before. T. After. T. 

No. 1 103-700 20-0 103-775 20-2 

No. 2 99-740 20-1 99-733 20-2 

No. 5 100-040 20-2 100-045 20-2 

No. 6 99-807 20-0 99-865 20-0 

No. 9 99-838 20-2 99-860 20-2 

No. 10 99-855 20-0 99-807 20-2 

No. 13 99-744 20-2 99-766 20-2 

No. 15 99-793 20-2 99-762 20-2 

No. 17 99-955 20-0 99-926 20-2 

From the above numbers it will be seen that the conducting power has not 
changed, the differences in the values being in all probability due, as above 
stated, to temperature. 

If liie passage of a current really altered the conducting power of a wire, 
then of what use would resistance-coils be ? The above experiments prove 
that a much stronger current than is used for testing the resistance of a wire 
has no effect on it. 



Appendix B. — On the Variation of the Electric Resistance of Alloys due to 
Change of Temperature. By A. Matthiessen, F.B.S. 

In the Appendix to the Report of your Committee read at the Meeting 
held last year, I gave a Table containing the results of experiments with 
some alloys, made with a view to find out the alloy whose conducting power 
decreases least with an increase of temi>^r^*^"'®* With the same apparatus, 
«fec., I have, in conjunction with Dr. C. Vogt, experimented with the following 
alloys. 

(With each series the formula deduced ^om the observations for the cor- 
rection of the conducting power for temp®^**^""® ^ given, where X is equal 
to the conducting power at the temperature f C. Silver (hard-drawn) is 
taken at 0^=100.) 



Composition of alloy by weight. 

(1) Gold 95-3 

Iron 4-7 

Made from pure metals. 

Hard-drawn. 



Length 226 mm. ; diameter 0-470 mm. 

T. Conducting power. 
12-0 2-3573 

56-0 2-3138 

100-0 2-2798 

X = 2-3708 - 0-001 1555« + 0-000002454^. 

Length 284 mm. ; diameter 1*217 miXJ^* 
T. Conducting power. 

15-0 2-0819 

67-5 2-0424 

100-0 2-0067 

^^2-0967-0-0010057e+0-000001052^. 

This and tb^ i^^ following alloys were made by Messrs. Johnson anC 
Matthey. NqV a ^^de to check the results obtained with No. 1 ; foi 



(2) Gold 95-0 

Iron • 5-0 

Hard-drawn. 



■• 



:. a Ycrv cmioiis lac: liu.: ii-.- i»"- "hi^- 

mer. for in no nuifT wrttr ;.: iu\'f ■ ii:. 

1 alloys ot smi ani itul 

ofc. ti and 4 ar*? ws ■ briiLi: . ai. :ti'^.*-.'t •••* .^.. - 



Gold f^- 

[ard-drswi:. 



.^-T«»-^ •" .... 



Gold f*:*' 

Ifoil If"' 

[ard-draTix. 






;•• 



Bihrcr 

PalladimL ii.'-. 

Lade lr\' MeBBZE. JomuiCiL unc 
Matthev. 
[ard-diawn. 



• < 1 I 



•« ■ .. 



his allar vm fornifr'i i.«i. !•» « 

tested* as ii Aj^pefcrcc 'i :i:>^tn»M .- i< i 

Copper i*A^'l' 

Zinc •><•■'. 

[ade from pnre meli»l». 
[ard- drawn. 



$ 



/-^^••.i^.'- ''■''■• • 



Copper . - . 

Zinc . . . 
ade from j»ivm v^^^* 
aTd*-dravT.« 



»• 



.ese ailoj^ ;vt** ,'i"-''^ 
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It seemed very desirable to test the influence of temperature on the alloy, as 
it "was proposed by Jacobi as a unit of electric resistance. 



(8) Copper 90-3 

Tin 9-7 

Made from pure metals. 
Hard-drawn. 



Length 322*5 mm. ; diameter 0*524 mm. 

T. Conducting power. 

15-43 12-058 

23-40 11-990 

40-35 11-852 

54-75 11-737 

69-78 11-619 

84-66 11-499 

98-70 11-391 

\=12-186-0-0084168«+0-000003700«^ 



(9) Copper 89-7 

Tin 10-3 

Made from pure metals. 
Hard-drawn. 

X = 10-212 - 0-0068043< + 0-00001210«\ 



Length 429 mm. ; diameter 0-627 mm. 
T. Conducting power. 

11-0 10-1386 

55-5 9-8710 

100-0 9-6526 



T. 


Conducting power. 


13-0 


26-336 


56-5 


24-056 


100-0 


22-121 



These alloys are given, as they approach in composition to that of ordinary 
gun-metal. 

Length 904-5 mm. ; diameter 0-650 mm. 
(10) Gun-metal (Austrian). 
Copper. 
Zinc. 
Iron. 
A specimen obtained through 
the kindness of Mr. P. Abel. 
Hard-drawn. 

X=27-084-.0-068750«+0-00009116«^ 

The conducting power of this alloy increased by heating to 100° for one 
day 5-7 per cent. — a larger increment than has been observed with any alloy. 
Generally, the conducting power of an alloy either remains constant or only 
varies 0-1 or 0-2 per cent, under the same conditions. 



(11) Proof gold. 
Hard-drawn. 



Length 1564 mm. ; diameter 0-525 mm. 
T. Conducting power. 

15-0 68-969 

57-5 60-179 

1000 53-387 

X = 72-548 - 0-24692« + 0-0005531 f. 



(12) 



Standard silver. 
Hard-drawn. 



Length 2328 mm. ; diameter 0-525 mm. 
T. Conducting power. 

12-0 78-015 

56-0 69-301 

100-0 61-949 

X=80-628-0-22196«-|-0-0003518<^ 

In the following Table I have given the results here obtained, with those 
of last year, in such a manner that they may bo easily compared : — 



Pnie iron * . « 

Fare thallium * 

Other pure metals in a solid state 

Goldf with 15 p.c. iron 

Proof gold • 

Standard silver 

Gun-metal (Austrian) 

Gold, with 10 p.o. iron 

Gold, with 14*3 p.c. silver and 7*4 p.c. copper 

Copper, with 36*7 p.c. zino 

Copper, with 25 p.c. zinc 

Silver, with 5 p.o. platinum * 

Silver, with 9'8 p.c, platinum * 

Copper, with 9*7 p.c. tin 

The goldnsdlver alloy ♦ 

Platinum, with 33-4 p.c. iridium 

Copper, with 10*3 p.c. tin 

Gold, with 181 p.c. silver and 15'4 p.c. copper* 
Gold, with 15*2 p.c. silver and 26*5 p.c. copper* 

German silver * 

Gold, with 5 p.c. iron 

Gold, with 4*7 p.c. iron 

Silver, with 25 p.c. palladium 

Silver, with 33'4' p.c. platinum t 



Conducting 
power 
atO^ 



Percentage de- 
crement in con- 
ducting power 
between 0*& 100°. 



16-81 

9-16 

.... 

2'76 

72-55 

80-63 

27-08 

2-06 

44-47 

22-27 

22-08 

31-64 

18-04 

12-19 

15-03 

4-54 

10-21 

10-6 

12-02 

7-80 

2-10 

2-37 

8-52 

6-70 



39-2 

31-4 

29-3 

27-9 

26-4 

23-2 

18-3 

17-5 

15-5 

12-4 

11-5 

11-3 

7-1 

6-6 

6-5 

5-9 

6-2 

5-2 

4-8 

4-4 

4-3 

3-8 

3-4 

3-1 



It will be observed that I have not yet been able to find an alloy whose 
conducting power decreases between 0° and 100° less than that of the alloy of 
silver with 33-4 p.c. platinum ; and from results obtained in this direction 
in conjunction with Dr. Vogt, I am of opinion there wiU be great difficulty 
in doing so. We have already tested upwards of 100 aUoys, and it is curious 
how few we have found whose conducting power varies less than that of Ger- 
man silver between 0° and 100°. 



AppE2n)ix C. — On the Elementary Relations between Electrical Measurements, 
By Professor J. Clebk Maxwell and Mr. Pleemino jENKHf. 

Part I. — Inteoductory. 

1. Objects of Treatise, — The progress and extension of the electric telegraph 
has made a practical knowledge of electric and magnetic phenomena necessary 
to a large number of persons who are more or less occupied in the construc- 
tion and working of the lines, and interesting to many others who are un- 
willing to be ignorant of the use of the network of wires which surrounds 
them. The discoveries of Volta and Galvani, of Oersted, and of Faraday are 
familiar in the mouths of all who talk of science, while the results of those 
discoveries are the foundation of branches of industry conducted by many 
who have perhaps never heard of those illustrious names. Between the 
student's mere knowledge of the history of discovery and the workman's 

* Proc Boy. Soc. xii. p. 472 (1863). f Suprh, p. 12 ; and Brit. Assoc. Rep. 1862, p. 137. 
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practical familiarity with particular operations which can only be communi- 
cated to others by direct imitation, we are in want of a set of rules, or rather 
principles, by which the laws remembered in their abstract form can be 
applied to estimate the forces required to effect any given practical result. 

We may be called on to construct electrical apparatus for a particular 
purpose. In order to know how many cells are required for the battery, and 
of what size they should be, we require to know the strength of current 
required, the electromotive force of the cells, and the resistance of the circuit. 
If we know the results of previous scientific inquiry, and are acquainted with 
the method of adapting them to the case before us, we may discover the 
proper arrangement at once. If we are unable to make any estimate of what 
is required before constructing the apparatus, we may have to encounter 
numerous failures which might have been avoided if we had known how to 
make a proper use of existing data. 

All exact knowledge is founded on the comparison of one quantity with 
another. In many experimental researches conducted by single individuals, 
the absolute values of those quantities are of no importance ; but whenever 
many persons are to act together, it is necessary that they should have a 
common understanding of the measures to be employed. The object of the 
present treatise is to assist in attaining this common understanding as to 
electrical measurements. 

2. Derivation of Units from fundarnental Standards. — Every distinct kind 
of quantity requires a standard of its own, and these standards might be 
chosen quite independently of each other, and in many cases have been so 
chosen ; but it is possible to deduce all standards of quantity from the fun- 
damental standards adopted for length, time, and mass ; and it is of great 
sciontifio and practical importance to deduco them from these standards in a 
systematic manner. Thus it is easy to understand what a square foot is 
when we know what a linear foot is, or to find the number of cubic feet in a 
room from its length, breadth, and height ; because the foot, the square foot, 
and the cubic foot are parts of the same system of units. But the pint, 
gallon, &c. form another set of measures of volume which has been formed 
without reference to the system based on length ; and in order to reduce the 
one set of numbers to the other, we have to multiply by a troublesome frac- 
tion, difficult to remember, and therefore a fruitful source of error. 

The varieties of weights and measures which formerly prevailed in this 
country, when different measures were adopted for different kinds of goods, 
may be taken as an example of the principle of unsystematized standards, 
while the modern French system, in which every thing is derived from the 
elementary standards, exhibits the simplicity of the systematic arrangement. 

In the opinion of the most practical and the most scientific men, a system 
in which every unit is derived from the primary units with decimal subdivi- 
sions is the best whenever it can be introduced. It is esisily learnt ; it renders 
calculation of all kinds simpler ; it is more readily accepted by the world at 
large ; and it bears the stamp of the authority, not of this or that legislator 
or man of science, but of nature. 

The phenomena by which electricity is known to us are of a mechanical 
kind, and therefore they must be measured by mechanical units or standards. 
Our task is to explain how these units may be derived from the elementary 
ones ; in other words, we shall endeavour to show how all electric phenomena 
may be measured in terms of time, mass, and space ooly, referring briefly in 
each case to a practical method of effecting the observation. 

3. Standard Mechanical Units. — ^In this country the standard of length is 
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one yard, but a foot is the unit popularly adopted. In Frauco it is the ten 
millionth part of the distance from the pole to the equator, measured along 
the earth's surface, according to the calculations of Delambro ; and this mea- 
sure is called a metre, and is equal to 3*280899 feet, or 39-37079 inches. 

In the original lleport the metre was taken as the fundamental unit of 
length ; the gramme, or French standard of weight, is not, however, systema- 
tically derived from the metre, being the weight not of a cubic metre, but 
of a cubic centimetre of water. This consideration has led several Members 
of the Committee in subsequent writings to adopt the centimetre as the fun- 
damental unit of length. To facilitate comparison with these writings, con- 
stants based on the centimetre will be given, besides those for the metre. 

The standard unit of time in all civilized countries is deduced from the time 
of rotation of the earth about its axis. The sidereal day, or the true period 
of rotation of the earth, can be ascertained with great exactness by the ordi- 
nary observations of astronomers ; and the mean solar day can be deduced 
from this by our knowledge of the length of the year. The unit of time 
adopted in all physical researches is one second of mean solar time. 

!nie standard unit of mass is in this country the avoirdupois pound, as we 
received it from our ancestors. The grain is one 7000th of a pound. In the 
French system it is the gramme derived from the unit of length, by the use 
of water at a standard temperature as a standard of density. The weight of one 
cubic centimetre of water is a gramme = 15*43235 grains =-00220462 lb. 

A Table, showing the relative value of the standard and derived units in 
the British and metrical system is given in § 55. 

The unit of force adopted in this treatise is that force which will produce 
a unit of velocity in a free unit mass, by acting on it during a unit of time. 
This unit of force is equal to the weight of the unit mass divided by g, where 
g is the accelerating force of gravity, the value of which, as depending on 
the place of observation, is given in § 55. In this country it is about 32*2 
feet, or 981 centimetres. 

A unit of force still very generally used is the weight of the standard mass. 
This is called the gravitation unit of force, and measurements of force, work, 
&c. in which it is used are called gravitation measurements. The gravitation 
unit is equal to the absolute unit multiplied by g. 

The unit of work adopted in this treatise is the unit of force, defined as 
above, acting through the unit of space (vide § 55). 

4. Dimensions of Derived Units, — ^The name of every quantity consists of 
two factors or components, and may be written thus, Q[Q]. 

The first, or numerical factor, Q, is a number, integral or fractional. The 
second, or denominational factor, [Q], is the name of an individual thing of 
the same kind as the quantity to be expressed, the magnitude of which is 
agreed on among men. Thus, in the expression 28 lb., 28 is the numerical 
part represented by Q, and lb. is the denominational part represented by 
[Q]. When Q is unity, then the quantity expressed is the unit, 1[Q], or 
simply [Q]. In the example [Q] is one pound ; that is, a piece of platinum 
preserved in the Exchequer Chambers, and marked " P. S. 1844, 1 lb.," or 
some copy of the same. 

We shall use the symbols [L], [M], and [T] enclosed in square brackets to 
denote the standards or units of length, mass, and time ; and symbols without 
brackets, such as L, M, T, to denote the number of such units in the quan- 
tity to be expressed. Thus if [L] denotes a centimetre and L the number 
978, L[L] denotes 978 centimetres. Similarly, if [^] denotes 1 foot and I the 
number 32-088, l{l] denotes 32-088 feet. 
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Now these quantities express the same distance measured in two different 
ways, so that 

L[L]=Z[Z]; 
but 1 foot is 30*479 centimetres, or 

p] =30-479 [L]. 

Hence 

L= 30-479 Z; 

or the numerical factor of the expression of a given quantity varies inversely 
as the magnitude of the unit employed. 

In passing from one system of measurements to another, we first consider 
the magnitude of the units employed in the two systems and then determine 
the numerical factors so that the quantity expressed may be the same. 
Every measurement of which we have to speak involves as factors measure- 
ments of time, space, and mass only ; but these me£isurements enter some- 
times at one power and sometimes at another. In passing from one set of 
fundamental units to another, and for other purposes, it is necessary to know at 
what power each of these fundamental measurements enters into the derived 
measure. 

Thus the value of a force is directly proportional to a length and a mass, 
but inversely proportional to the square of a time. This is expressed by 

saying that the dimensions of a force are -=5- ; in other words, if we wish 
lo pass from the English to the French system of measurements, the French 
unit of force will be to the English as = : 1, or as '506 to 1 ; be- 
cause there are '0328 feet in a centimetre, and 15*43 grains in a gramme. K 
the metre be adopted as the unit of length, the French unit of force will be 
to the English as 60*6 to 1. If the minute were chosen as the unit of time, 

the unit of force would, in either system, be oSatt of that founded on the 

second as unit. 

A Table of the dimensions of every unit adopted in the present treatise is 
given in § 55, 

Part n. — ^Thb MBAstmEMENT op Machtetio Phskoheka. 

5. Magnets and Magnetic Poles. — Certain natural bodies, as the iron ore 
called loadstone, the earth itself, and pieces of steel after being subjected to 
certain treatment, are found to possess the following properties, and are 
called magnets. 

If one of these bodies be free to turn in any direction, the presence of 
another will cause it to set itself in a position which is conveniently described 
or defined by reference to certain imaginary lines occupying a fixed position 
in the two bodies, and called their magnetic axes. One object of our magnetic 
measurements will be to determine the force which one magnet exerts upon 
another. It is found by experiment that the greatest manifestation of force 
exerted by one long thin magnet on another occurs very near the ends of the 
^^'^ bars, and that the two ends of any one long thin magnet possess opposite 
•acB. This peculiarity has caused the name of "poles" to be given to 
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he ends of long magnets ; and this conception of a magnet, as having 
wo poles capable of exerting opposite forces joined by a bar exerting no 
brce, is so much the most familiar that we shall not hesitate to employ 
t, especially as many of the properties of magnets may be correctly ex- 
)ressed in this way ; but it must be borne in mind, in speaking of poles, 
hat they do not reaUy exist as points or centres of force at the ends of 
ihe bar, except in the case of long, infinitely thin, imiformly magnetized 
•ods. 

If we mark the poles of any two magnets which possess similar qualities, 
Ne find that the two marked poles repel each other, that two unmarked poles 
dso repel each other ; but that a marked and an unmarked pole attract each 
)ther. The pole which is repelled from the northern regions of the earth is 
called the positive pole ; the other end the negative pole. The negative pole is 
generally marked N by British instrument-makers, and is sometimes called 
die north pole of the magnet, though it is obviously similar to the earth's 
south pole. 

The strength of the pole is necessarily defined as proportional to the force it 
is capable of exerting on any other pole. Hence the force /exerted between 
two poles of the strengtlis m and m^ must be proportional to the product m m^. 
The force / is also found to be inversely proportional to the square of the 
distance, JD, separating the poles, and to depend on no other quantity ; hence 
we have, unless an absurd and useless coefficient be introduced, 

f-^y (1) 

Prom which equation it follows that the unit pole will be that which at imit 
distance repels another similar pole with unit force ; / will be an attraction 
or a repulsion according as the poles are of opposite or the same kinds. The 

3 1 

dimensions of the unit magnetic pole are — pp— . 

6. Magnetic Field. — It is clear that the presence of a magnet in some way 
modifies the surrounding space, since any other magnet brought into that 
space experiences a peculiar force. The neighbourhood of a magnet is, for 
convenience, called a magnetic field ; and for the same reason the effect pro- 
duced by a magnet is often spoken of as due to the magnetic field, instead of 
to the magnet itself. This mode of expression is the more proper, inasmuch 
as the same or a similar condition of space may be produced by the passage 
of electrical currents in the neighbourhood, without the presence of a magnet. 
Since the peculiarity of the magnetic field consists in the presence of a certain 
force, we may numerically express the properties of the field by measuring 
the strength and direction of the force, or, as it may be worded, the intensity 
of the field and the direction of the lines of force. 

This direction at any point is the direction in which the force tends to move 
a firee pole ; and the intensity, H, of the field is completely defined as propor- 
tional to the force, /, with which it acts on a free pole ; but this force, /, is 
also proportional to the strength, m, of the pole introduced into the field, 
and it depends on no other quantities ; hence 

/=mH, (2) 

and therefore the field of unit intensity will be that which acts with unit 
fiiioe on the unit pole, 

The dimencdonB of [H] are — ^ • 
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electric couple ; but the term is also used, independently of the soui 
power, to express the fact -that, however caused, a certain force tending 
work by setting electricity in motion does, under certain circumsti 
exist between two points of a conductor or between two separate bodies, 
equal quantities of electricity transferred in a given time do not necessai 
usually produce equal amounts of work ; and the electromotive force bei 
two points, the proximate cause of the work, is defined as proportional 1 
amount of work done between those points when a given quantity of 
tricity is transferred from one point to another. Thus if, with equal cui 
in two distinct conductors, the work done in the one is double that dc 
the other in the same time, the electromotive force in the first case ii 
to be double that in the second ; but if the work done in two cireu 
found strictly proportional to the two currents, the electromotive force a 
on the two currents is said to be the same. Defined in this way, the el< 
motive force of a voltaic battery is found to be constant so long a 
materials of which it is formed remain in a similar or constant cond 
The above definitions, in mathematical language, give W=EC<, 

or E=g., .......... 

where E is the electromotive force, and W the work done. Thus the 
tromotive force producing a current in a conductor is equal to the 
between the work done in the unit of time and the current effectin; 
work. This conception of the relations of work, electromotive force, cu: 
and quantity will be aided by the following analogy: — A. quantity of 
tricity may be compared to a quantity or given mass of water ; currei 
water in pipes in which equal quantities pass each spot in equal times 
correspond to equal currents of electricity ; electromotive force corres 
to the head of water producing the current. Thus if, with two pipes 
veying equal currents, the head forcing the water through the first 
double that forcing it through the second, the work done by the wai 
flowing through the first pipe would necessarily be twice that done b 
water in the second pipe ; but if twice as much water passed throng 
first pipe as passes through the second, the work done by water in th< 
pipe would again be doubled. This corresponds exactly with the. increi 
work done by the electrical current when the electromotive force is do 
and when the quantity is doubled. 

Thus, to recapitulate, the quality of a battery or source of electrici 
virtue of which it tends to do work by the transfer of electricity froi 
point to another, is called its electromotive force, and this force is mea 
by measuring the work done during the transfer of a given quanti 
electricity between these points. The relations between electromotive 
and work were first fully explained in a paper by Professor W. Thomso 
the application of the principle of mechanical effect to the measurem< 
electromotive forces, published in the ' Philosophical Magazine ' for Decc 
1851. 

17. Meaning of the words " Electric Besistance,*^ — It is found by experi 
that even when the electromotive force between two point* remains com 
so that the work done by the transfer of a given quantity of elect 
remains constant, nevertheless, by modifying the material and form o 
conductor, this transfer may be made to take place in very different ti 
or, in other wprds, currents of very different magnitudes are produced 
very different amounts of work are done^ in the unit of time. The qual 



69 

he conductor in virtue of which it prevents the performance of more than a 

ertam amount of work in a given time by a given electromotive force is 

ailed its electrical resistance. The resistance of a conductor is therefore 

aversely proportional to the work done in it when a given electromotive 

oroe is maintained between its two ends ; and hence, by equation (5), it is 

aversely proportional to the currents Vhich will then be produced in the 

espective conductors. But it is found by experiment that the current pro- 

Lnced in any case in any one conductor is simply proportional to the electro- 

E 
notive force between its ends ; hence the ratio p will be a constant quantity, 

X) which the resistance as above defined must be proportional, and may with 
convenience be made equal ; thus 

R-g. (6) 

an equation expressing Ohm's law. In order to carry on the parallel with 
the pipes of water, the resistance overcome by the water must be of such 
nature that twice the quantity of water will flow through any one pipe when 
twice the head is applied. This would not be the result of a constant me- 
ehanical resistance, but of a resistance which increased in direct proportion 
to the speed of the current ; thus the electrical resistance must not be looked 
on as analogous to a simple mechanical resistance, but rather to a coefficient 
by which the speed of the current must bo multiplied to obtain the whole 
mechanical resistance. Thus if the electrical resistance of a conductor be 
ealled R, the work, W, is not equal to CR«, but C x CR x «, or 

W=C^R<*, (7) 

where G may be looked on as analogous to a quantity moving at a certain 
^eed, and OR as analogous to the mechanical resistance which it meets with 
in its progress, and which increases in direct proportion to th6 quantity con- 
veyed in the unit of time. 

18. Measurement of Electric Currents by their Action on a Magnetic 
Needle. — ^In 1820, Oersted discovered the action of an electric current upon 
A magnet at a distance, and one method of measurement may be based on 
&is action. Let us suppose the current to be in the circumference of a 
vertical circle, so that in the upper part it runs from left to right. Then a 
magnefc suspended in the centre of the circle will turn with the end which 
points to the north away from the observer. This may be taken as the 
amplest case, as every purt of the circuit is at the same distance from the 
nagnet, and tends to turn it the same way. The force is proportional to 
the moment of the magnet, to the strength of the current as defined by 
}15, to its length, and inversely to the square of its distance from the 
magnet. 

Let the moment of the magnet be ml, the strength of the current C, the 
radius of the circle h, the number of times the current passes round the 
ttrde n, the angle between the axes of the magnet and the plane of the 
aide 0, and the moment tending to turn the magnet G, then 

G=mZC.27rwJ[;lcos0, (8) 

* ^equation (5) we have W=CE^ ; but by equation (6) R«-g; hence W=C«R^.— 
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which will be unity if ml, C, hy and the length of the circuit be unitT, and 
if 6=0°. 

The unit of current founded on this relation, and called the electro-mag- 
netic unit, is therefore that current of which the unit of length placed along 
the circumference of a circle of unit radius produces a unit of magnetic force 
at the centre. 

The usual way of measuring C, the strength of a current, is by making it 
describe a circle about a magnet, the plane of the circle being vertical and 
magnetic north and soiith. Thus, if H be the intensity of the horizontal 
component of terrestrial magnetism, and G the moment of this on the mag- 
net, G=wZH sin 0, whence the strength of the current — 

C = AHtan0, (9) 

2irn 

where k is the radius of the circle, n the number of turns, H the intensity 
of the horizontal part of the earth's magnetic force as determined by the 
usual method, and 6 the angle of deviation of the magnet suspended in the 
centre of the circle. As the strength of the current is proportional to the 
tangent of the angle 6, an instrument constructed on this plan is called a 
tangent galvanometer. The instrument called a sine galvanomter may also 
be used, provided the coil is circular. The equation is similar to that just 
given, substituting sin for tan 6, 

To find the dimensions of [C], the unit electric current, we must consider 
that what we observe is the force acting between a magnetic pole, m, and a 
current of given length, L, at a given distance, L^, and that this force 

g= T a « Hence the dimensions of [C], the unit electric current, are 

L ^ • ^ . 

19. Measurement of Electric Currents hy their mutual action on one anoihep. 

— ^Hitherto we have spoken of the measurement of currents as dependent oa 
their action upon magnets ; but this measurement in the same units can aa 
simply be founded on their mutual action upon one another. Ampere has m- 
vestigated the laws of mechanical action between conductors carrying cur- 
rents. He has shown that the action of a small closed circuit at. a distanoa j 
is the same as that of a small magnet, provided the axis of the magnet be ] 
placed normal to the plane of the circuit, and the moment of the magnet ' 
be equal to the product of the current into the area of the circuit which it - 
traverses. 

Thus, let two small circuits, having areas A and Aj, be placed at a great 
distance, D, from each other in such a way that their planes are at right 
angles to each other, and that the line D is in the intersection of the 
planes. Now let currents, C and C^, circulate in these conductors ; a force will 
act between them tending to make their planes parallel, and the direction 
of the currents opposite. The moment of this couple will be 

^^ACxA^, (10) 

Hence the unit electric current conducted round two circuits of unit areft 
in vertical planes at right angles to each other, one circuit being at a great 
^tutkce, Vf vertically above the other, will cause a couple to act between tbff 
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drcuits of a magnitude jr^. The definition of the unit current (identical with 

the unit founded on the relations given in § 18) might be founded on this 
aetion quite independently of the idea of magnetism. 

20. Weher^s Electro-dynamometer, — The measurement described in the last 
paragraph is only accurate when D is very great, and therefore the moment 
to be measured very small. Hence it is better to make the experimental 
measurements in another form. For this purpose, let a length (Z) of wire be 
made into a circular coil of radius Jc; let a length (ZJ of wire be made into a 
eoil of very much smaller radius, Jc^. Let the second coil be hung in the 
centre of the first, the planes being vei-tical and at the angle 6. Then, if a 
current C traverses both coils, the moment of the force tending to bring them 
parallel will be 

G=|C'^'sme (11) 

This force may be measured in mechanical units by the angle through 
which it turns the suspended coil, the forces called into play by the mecha- 
nical arrangements of suspension being known from the construction of the 
instrument. "Weber used a bifilar suspension, by which the weight of the 
smaller coil was used to resist the moment produced by the action of the 
currents. 

21. Comparison of the Electro-magnetic and Electro-chemical action of Cur~ 
rents. — Currents of electricity, when passed through certain compound sub- 
stances, decompose them ; and it is found that, with any given substance, 
the weight of the body decomposed in a given time is proportional to the 
strength of the current as already defined with reference to its electro-mag- 
netic effect. The voltameter is an apparatus of this kind, in which water is 
the substance decomposed. Special precautions have to be taken, in carrying 
this method of measurement into effect, to prevent variations in the resistance 
of the circuit, and consequently in the strength of the current. This subject 
is more fully treated in Part V. §§ 53, 54. 

22. Magnetic Field near a Current. — Since a current exerts a force on the 
pole of a magnet in its neighbourhood, it may be said to produce a magnetic 
field (§ 6), and, by exploring this field with a magnet, we may draw lines of 
force and equipotential surfaces of the same nature as those already described 
for magnetic fields caused by the presence of magnets. 

When the current is a straight line of indefinite length, like a tclegraph- 
^nre, a magnetic pole in its neighbourhood is urged by a force tending to 
turn it round the wire, so that this force is at any point perpendicular to the 
plane passing through this point and the axis of the current. 

The equipotential surfaces are therefore a series of planes passing through 
the axis of the current, and inclined at equal angles to each other. The 
number of these planes is 47rC, where C is the strength of the current. 

The lines of magnetic force are circles having their centres in the axis of 
the current, and their planes perpendicular to it. The intensity of the mag- 
netic force at a distance, h, from the current is the reciprocal of the distance 

between two equipotential surfaces, which shows the force to be y . 

The work done on a unit magnetic pole in going completely round the 
current is 4irC, whatever the path which the pole describes. 

23. Mechaniccd Action of a Magnetic Field on a closed Conductor conveying 
^Current, — When there is mechanical action between a conductor carrying a 
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current and a magnet, the force acting on the conductor must be equal and 
opposite to that acting on the magnet. Every part of the conductor is there- 
fore acted on by a force perpendicular to the plane passing through its own 
direction and the lines of magnetic force due to the magnet, and equal to the 
product of the length of the conductor into the strength of the current, the 
intensity of the magnetic field, and the sine of the angle between the lines of 
force and the direction of the current. This may be more concisely expressed 
by saying, that if a conductor carrying a current is moved in a magnetic field, 
the work done on the conductor by the electro-magnetic forces is equal to the 
product of the strength of the current into the number of lines of force which 
it cuts during its motion. 

Hence we arrive at the following general law, for determining the mecha- 
nical action on a closed conductor carrying a current and placed in a magnetic 
field:— 

Draw the lines of magnetic force. Count the number which pass through 
the area enclosed by the circuit of the conductor, then any motion which 
increases this number will be aided by the electro-magnetic forces ; so that 
the work done during the motion will be the product of the strength of the 
current and the number of additional lines of force. 

For instance, let the lines of force be due to a single magnetic pole of 
strength m. These are 47rm in number, and are in this case straight lines 
radiating equally in all directions from the pole. Describe a sphere about 
the pole, and project the circuit on its surface by lines drawn to the pole. 
The surface of the area so described on the sphere will measure the sohd 
angle subtended by the circuit at the pole. Let this solid angle =:ii>, then 
the number of lines passing through the closed surface will be mio ; and if G 
be the strength of the current, the amount of work done by bringing the 
magnet and circuit from an infinite distance apart to their present position 
will be Cmoi. This shows that the magnetic potential of a closed circuit 
canying a unit current with respect to a unit magnetic pole placed at any 
point is equal to the solid angle which the circuit subtends at that point. 

By considering at what points the circuit subtends equal solid angles, we 
may form an idea of the surfaces of equal potential. They form a series of 
sheets, all intersecting each other in the circuit itself, which forms the boun- 
dary of every slieet. The number of sheets is 47rC, where C is the strength 
of the current. The lines of magnetic force intersect these surfaces at right 
angles, and therefore form a system of rings encircling every point of the 
circuit. When we have studied the general form of the lines of force, we can 
form some idea of the electro-magnetic action of that current, after which the 
difficulties of numerical calculation arise entirely from the imperfection of our 
mathematical skill. 

24. General Law of the Mechanical Action between Electric Currents and 
other Electric Currents or Magnets, — Draw the lines of magnetic force due to 
all the currents, magnets, &c. in the field, supposing the strength of each 
current or magnet to be reduced from its actual value to unity. Call the 
number of lines of force due to a circuit or magnet, which pass through 
another circuit, the potential coefficient between the one and the other. TWfi 
number is to be reckoned positive when the lines of force pass through the 
circuit in the same direction as those due to a current in that circuit, and 
negative when they jpass in the opposite direction. 

, If we now ascertain the change of the potential coefficient due to any dis- 
placement^ this increment multiplied by the product of the strengths of the 

ttnts or magnets will be the amount of work done by the mutual action oi 
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where, as before, Xrsthe radios of the coil, and nasthe number of turns made 
by the wire round the coil. 

The quantity in a given charge which can be continually reproduced under 
fixed conditions may be measured by allowing a succession of discharges to 
pass at regular and very short intervals tbrough a galvanometer, so as to pro- 
duce a permanent deflection. The value of a current producing this deflection 
can be ascertained ; and tbe quotient of this value by the number of discharges 
taking place in a ' second ' gives the value of each charge in electro-magnetic 
measure. 

To find the dimensions of [Q], we simply observe that the unit of electricity 
is that which is transferred by the unit current in the unit of time. Multi- 
plying the dimensions of [C] by [T], we find the dimensions of [Q] are 

[L^M^]. 

26. Electric Capacity of a Conductor. — It is found by experiment that, 
other circumstances remaining the same, the charge on an insulated conductor 
is simply proportional to the electromotive force between it and the surround- 
ing conductors, or, in other words, to the difference of potentials (47). The 
charge that would be produced by the unit electromotive force is said to 
measure the electric capacity of a conductor. Thus, generally, the capacity 

Q . 

of a conductor S= -r?^ where Q is the whole quantity in the charge produced 

by the electromotive force E. When the electromotive force producing the 
charge is capable of maintaining a current, the capacity of the conductor may 
be obtained without a knowledge of the value either of Q or E, provided we 
have the means of measuring the resistance of a circuit in electro-magnetic 
measure. For let Rj be the resistance of a circuit, in which the given elec- 
tromotive force E will produce the unit deflection on a tangent galvano- 
meter, then, from equations (6) and (12), we have 

S=2^J^', (14) 

where t and i retain the same signiflcation as in equation (13) (§ 2b), 

27. Direct Measurement of Electromotive Force, — The meaning of the words 
" electromotive force " has already been explained (§ 16); this force tends td 
do work by means of a current or transfer of electricity, and may therefore 
be said to produce and maintain the current. In any given combination in 
which electric currents flow, the immediate source of the power by which the 
work is done is said to produce the electromotive force. The sources of power 
producing electromotive force are various. Of these, chemical action in the 
voltaic battery, unequal distribution of temperature in circuits of difierent 
conductors, the friction of different substances, magneto-electric induction, 
and simple electric induction are the most familiar. An electromotive force 
may exist between two points of a conductor, or between two points of an 
insulator, or between an insulator and a conductor, — in fine, between any 
points whatever. This electromotive force may be capable of maintaining a 
current for a long time, as in a voltaic battery, or may instantly cease aft^r 
producing a current of no sensible duration, as when two points of the atmo- 
sphere at different potentials (§ 47) are joined by a conductor; but in every 
case in which a constant electromotive force E is maintained between any two 
points, however situated, the work spent or gained in transferring a quantity, 
Q, of electricity from one of those points to the other will be constant ; nor 
will this work be affected by the manner or method of the transfer. If 



liie electricity be slowly conveyed as a static charge on an insulated baU, the 
*work will be spent or gained in accelerating or retarding the ball ; if the elec- 
tricity be conveyed rapidly through a conductor of smdl resistance, or more 
slowly through a conductor of great resistance, the work may be spent in heat- 
ing the conductor, or it may electrolyze a solution, or be thermo-electrically 
or mechanically used ; but in aU cases the change effected, measured as equi- 
valent to work done, will be the same, and equal to EQ. Hence the electro- 
motive force from the point A to the point B is unity, if a unit of mechanical 
work is gained in the transfer of a unit of electricity from A to B. This 
general definition is due to Professor "W. Thomson. 

The direct measurement of electromotive force may be made by the mea- 
surement in any given case of the work done by the transfer of a given 
quantity of electricity. The ratio between the numbers measuring the work 
done and the quantity transferred would measure the electromotive force. 
This measurement has been made by Dr. Joule and Professor Thomson, by 
determining the heat developed in a wire by a given current measured as in 
§18*.. 

28. Indirect Measurements of Electromotive Force, — The direct method of 
measurement is in most cases inconvenient, and in many impossible ; but the 
indirect methods are numerous and easily applied. The relation between the 
current, C, the resistance, R, and the electromotive force, E, expressed by 
Ohm's law (equation 6), will determine the electromotive force of a battery 
whenever R and C are known. A second indirect method depends on the 
measurement of the statical force with which two bodies attract one another 
when the given electromotive force is maintained between them. This me- 
thod is fully treated in Part IV. (43). The phenomenon on which it is based 
admits of an easy comparison between various electromotive forces by electro- 
meters. This method is applicable even to those cases in which the electro- 
motive force to be measured is incapable of maintaining a current. The 
laws of chemical electrolysis and electro-magnetic induction afford two other 
indirect methods of estimating electromotive force in special cases (54 
and 31). 

29. Measurement of Electric Resistance, — We have already stated that the 
resistance of a conductor is that property in virtue of which it limits the 
amount of work performed by a given electromotive force in a given time, 

E 
and we have shown that it may be measured by the ratio p of the electro- 
motive force between two ends of a conductor to the current maintained by 
it. The unit re'sistance is therefore that in which the unit electromotive 
force produces the unit current, and therefore performs the unit of work in 
the unit of time. If in any circuit we can measure the current and electro- 
motive force, or even the ratio of these magnitudes, we should, ipso facto, have 
measured the resistance of the circuit. The methods by which this ratio has 
been measured^ founded on the laws of electro-magnetic induction, are fully 
described in Appendix D. Other methods may be founded on the measure- 
ment of currents and electromotive forces described in 18, 19, 20, 27, and 
28. Lastly, a method founded on the gradual loss of charge through very 
great resistances will be found in Part IV. (45). The equation {2b) there 
given for electrostatic measure is applicable to electro-magnetic measure 
when the capacity and difference of potentials are expressed in electro-mag- 
netic units. 



* Phil. Mag. vol. ii. 4th ser. 1851, p. 561. 
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do. Electric ResUtanct in Electro-maoMtic Unitt is meoiured hy an Ahtolvii 
Velocity, — The dimensions of [RJ are found, by comparing those of [E] and 

[C], to be Lp , or those of a simple velocity. This velocity, as was pointed 

out by Weber, is an absolut'C velocity in nature ({uite independent of the 
magnitude of the fundamental units in which it is expressed. The following 
illustration, due to Professor Thomson, will show how a velocity may express 
a resiHtiince, and a' so how that expression may be independent of the magni- 
tude of the units of time and space. 

J Ait a wire of any material be bent into an arc of 57 j^ with any radius, k, 
liCt this arc be placed in the magnetic meridian of any magnetic field, with a 
magnet of any strength freely suspended in the centre of the arc. Let two 
vertical wires or rails, separated by a distance etiual to A;, be attached by a wire 
to the ends of the arc ; and let a cross piece slide along these rails inducing a 
current in the arc. Then it may be shown that the speed required to pro- 
duce a deflection of 45^ on the magnet will measure the resistance of the 
circuit, which is assumed to be constant. This speed will be the san^e what- 
ever be the value of Ar, or the intensity of the magnetic field, or the moment 
of the magnet. In this form the experiment could not be easily carried out; 
but if a length, I, of wire bo taken and rolled into a circular coil at the radios 

ifc* 
Ar, and the distance between the vortical rails be taken equal to y' then if the 

resistance of the circuit be the same as in the previous case, the deflection of 
45^ will be produced by the same velocity in the cross piece, measuring that 

resistance; or, generally, if the distance between the rails be 2>-7-, thenp 

times the velocity required to produce the unit deflection (45°) will measure 
the reHistanco. The tinith of this proposition can easily be established when 
the laws of magneto-electric induction have been understood (31). 

31. Ma f/neto -electric Luhiction, — Let a conducting circuit be placed in a 
magnetic field. Ijot C be the intensity of any current in that circuit ; £ the 
magnitude of the electromotive force acting in the circuit. Let the circuit 
be so moved that the number of lines of magnetic force (11) passing through 
the area which it encloses is increased by N in the time t, then (23) tibe 
electro-magnetic forces will contribute towards the motion an amount of work 
measured by ON. Now Q, the quantity of electricity which passes, is equal 
toCt; so that the work done on the current is EQ or CE^. By the principle 
of conservation of energy, the work done by the electro-magnetic forces most 
be at the exi)ense of that done by the electromotive forces, or 

CN-|-CE<=0; 
or dividing by CV, we find that 

E=-^; (15) 

or, in other words, if the number of lines of force passing through the area 
enclosed by a circuit bo incroaAcd, an electromotive force in the negative 
direction will act in the circuit measured by the number of lines of force 
added i>er second. 

If R 1)0 the resistance of the circuit, we have, by Ohm's law (equation 
6), EsCK; and therefore 

N=-E^=-liC<a-llQ; (16) 
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or, in other words, if the number of lines of magnetic force passing through 
the area enclosed by the circuit is altered, a current will be produced in the 
circuit in the direction opposite to that of a current which would have pro- 
duced lines of force in the direction of those added, and the quantity of 
electricity which passes multiplied by the resistance of the circuit measures 
the number of additional lines passing through the area enclosed by the 
circuit. 

The facts of magneto-electric induction were discovered by Faraday, 
and described by him in the First Series of his '< Experimental Researches 
in Electricity," read to the Royal Society, 24th November, 1831. 

He has shown* the relation between the induced current and the lines of 
force cut by the circuit treated as a surface or area, and he has also described 
the state of a conductor in si field of force as a state the change of which is a 
cause of currents. He calls it the electrotonic state ; and, as we have just 
seen, the electrotonic state may be measured by the number of lines of force 
which pass through the circuit at any time. 

The measure of electromotive force used by W. Weber, and derived by him 
(independently of the principle of conservation of energy) from the motion of 
a conductor in a magnetic field, is the same as that at which we have arrived ; 
for, from equation (15), we find that the unit electromotive force will be pro- 
duced by motion in a magnetic field when one line of force is added (or sub- 
tracted) per unit of time, and this will occur when in a field of unit intensity 
a straight bar of unit length, forming part of a circuit otherwise at rest, is 
moved with unit velocity perpendicularly to the lines of force and to its own 
direction. 

To W. Weber, whose numerical determinations of electrical magnitudes are 
the starting-point of exact science in electricity, we owe this, the first defini- 
tion of the unit of electromotive force ; but to Professor Helmholtzf and to 
Professor W. Thomson^:, working independently of each other, we owe the 
proof of the necessary existence of magneto-electric induction and the deter- 
mination of electromotive force on strictly mechanical principles. 

32. On Material Standards for the Measurement of Electric Magnitvdes, — 
The comparison between two different electrical magnitudes of the same 
nature, e. g. between two currents or between two resistances, is in all cases 
mnoh simpler than the direct measurements of these magnitudes in terms of 
time, mass, and space, as described in the foregoing pages. Much labour is, 
therefore, saved by the use of standards of each magnitude ; and the construc- 
tion and dif^ion of those standards form part of the duties of the Committee. 
Electric currents are most simply compared by " electro-dynamometers" (20) 
—instruments which, unlike galvanometers, are practically independent of the 
intensity of the earth's magnetism. When an instrument of this kind has 
been constructed, with which the values of the currents corresponding to 
each deflection has been measured (19, 20), other instruments may easily 
be so compared with this standard, that the relative value of the deflections 
produced by equal currents on the standard and the copies shall be known. 
Hence the absolute value of the current indicated by each deflection of each 
copy will be known in absolute measure. In other words, in order to obtain 
the electro-magnetic measure of a current in the system described, each obser- 
ver in possession of an electro-dynamometer which has been compared with 

* Experimental BeBearches, 3082, &o. , 

t Paper read before the Physical Society of Berlin, 1847 (vide Taylor's Scientific 
Mmoirs, part ii. Feb. 1853, p. 114). 
X TnuMactions of the British Association, 1848; Phil. Mag., Dec. 1851. 
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tho standard instrument will simply multiply by a constant number the de- 
flection produced by the current on his instrument (or the tangent or sine of 
the deflection, according to the particular construction of the instrument). 

Electric quantities may be compared by the swing of the needle of a gal- 
vanometer of any kind. They may be measured by any one in possession of a 
standard electro-dynamometer, or resitstance-coil, since the observer will then 
be in a position directly to determine C, in equation (12), or R, in equation (14). 
Capacities may be compared by the methods described (26) ; and a Leyden 
jar or condenser (41) of unit capacity, and copies derived from it, may be pre- 
pared and distributed. The owner of such a condenser, if he can measure 
electromotive force, can determine the quantity in his condenser. 

The material standard for electromotive force derived from electro-magnetic 
phenomena would naturally be a conductor of known shape and dimensions, 
moving in a known manner in a known magnetic field. Such a standard as 
this would be far too complex to be practically useful : fortunately a very 
simple and practical standard or gauge of electromotive force can be based 
on its statical effects, and will be described in treating of those effects (Part 
IV. 43). A practical standard for approximate measurements might be 
formed by a voltaic couple, the constituent parts of which were in a standard 
condition. It is probable that the Daniell's cell may form a practical stan- 
dard of reference in this way, when its value in electro-magnetic measure 
is known. This value (centimetre-gramme second) lies between 9 x 10"' and 
11 X 107 (or 9 X 10* and 11 x 10* metre-gramme second). [Note, 1872.— Mr. 
Latimer Clark's cell equal to 1*457 x 10** centimetre-gramme second series, or 
1*457 X 10* metre-gramme second series, is a better standard of E.M.F. This 
cell is composed of pure mercury as the negative element, the mercury being 
covered by a paste made by boiling mercurous sulphate in a thoroughly satu- 
rated solution of zinc sulphate, the positive element consisting of pure zinc 
resting on the paste. This element must not be used to produce a current, 
but forms an excellent standard of E.M.F. , when compared with other cells, 
by any method which does not involve the passage of a current through the 
cell (vide * Proc. Eoy. Soc' no. 136, 1872).] 

Resistances are compared by comparing currents produced in the several 
conductors by one and the same electromotive force. The unit resistance, 
determined as in Appendix D, will be represented by a material conductor ; 
simple coils of insulated wire compared with this standard, and issued by the 
Committee, will allow any observer to measure any resistance in electro- 
magnetic measure. 



Part lY. — Measurement of Electric Phenomena by Statical Effects. 

33. Electrostatic Measure of Electric Quantity, — By the application of a 
sufficient electromotive force between two parts of a conductor which does 
not form a circuit, it is possible to communicate to either part a charge of 
electricity which may be maintained in both parts, if properly insulated (14). 
With the ordinary electromotive forces due to induction or chemical action, 
and the ordinary size of insulated conductors, the charge of electricity in 
electro-magnetic measure is exceedingly small ; but when the capacity of the 
conductor is great, as in the case of long submarine cables, the charge may 
be considerable. By making use of the electromotive force produced by the 
friction of unlike substances, the charge or electrification even of small bodies 
may be made to produce visible effects. The electricity in a charge is 



not essentially in motion, as is the case with the electricity in a current. 
In other words, a charge may be permanently maintained without the per- 
formance of work. Electricity in this condition is therefore frequently 
spoken of as statical electricity, and its effects, to distinguish them from 
those produced by currents, may be called statical effects. The peculiar pro- 
perties of electrically charged bodies are these : — 

1. When one body is charged positively (14), some other body or bodies 
must be charged negatively to the same extent. 

2. Two bodies repel one another when both are charged positively, or both 
negatively, and attract when oppositely charged. 

3. These forces are inversely proportional to the square of the distance of 
the attracting or repelling charges of electricity. 

4. If a body electrified in any given invariable manner be placed in the 
neighbourhood of any number of electrified bodies, it will experience a force 
which is the resultant of the forces that would be separately exerted upon it 
by the different bodies if they were placed in succession in the positions 
which they actually occupy, without any alteration in their electrical con- 
ditions. 

From these propositions it follows that, at a given distance, the force, /, 
with which two small electrified bodies repel one another is proportional to 
the product of the charges, q and g,, upon them. But when the distance 
varies, this force, /, is inversely proportional to the square of the distance, d, 
between them ; hence 

/=f (17) 

"When q and q are of dissimilar signs, / becomes negative, L e. there is an 
attraction, and not a repulsion. This equation is incompatible with the 
electro-magnetic definitions given in Part III., and, if it be allowed to be 
fandamental, gives a new definition of the unit quantity of electricity, as 
tiiat quantity which, if placed at unit distance from another equal quantity 
of the same kind, repels it with unit force. 

34, Electrostatic System of Units, — This new measurement of quantity 
forms the foundation of a distinct system or series of units, which may be 
called the electrostatic units, and measurements in these units will in these 
pages be designated by the use of small letters ; thus, as Q, C, &c. signify the 
number of electrostatic units in the same quantities, currents, &c. in electro- 
magnetic measure, so q, c, e, and r, &c. wiU represent the electrostatic mea- 
sure of quantity, current, electromotive force, resistance, &c. 

The relations between current and quantity, between work, current, and 
electromotive force, and between electromotive force, current, and resistance, 
remain unchanged by the change from the electro-magnetic to the electro- 
static system. 

35. Ratio between Electrostatic and Electro-magnetic Measures of Qvuntity* 
—Since the expression forming the second member of equation (17) represents 

a force the dimensions of which are -=2 , the dimensions of [<i\ are , 

The dimensions of the unit of electricity, [Q], in the electro-magnetic system 
are [L M ]*(26). Hence, since in passing from the one system to the other we 

nmst employ the ratio ^, this ratio will be of the dimension L^ I ; that is to 
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say, it is of the nature of a velocity. In the present treatise this velocity 
wOl be designated by the letter v. 

The first estimate of the relation between quantity of electricity measured 
statically and the quantity transferred by a current in a given time was made 
by Faraday*. A carefiil experimental investigation by MM. Weber and 
Kohlrauschf not only confirms the conclusion that the two kinds of measure- 
ments are consistent, but shows that the velocity v is 310,740,000 metres 
per second — a velocily not differing from the estimated velocity of light more 
than the different determinations of the latter quantity differ from each other. 
V must always be a constant real velocity in nature, and should be measured 
in terms of the system of fandamental units adopted in electrical measure- 
ments (3 and 55). A redetermination of v (46) will form part of the present 
Committee's business in 1863-64. It will be seen that, by definition, the 
quantity transmitted by an electro-magnetic unit current in the unit time is 
equal to v electrostatic units of quantity. In the centimetre-gramme second 
series the value of v will clearly be 100 times as great as that given above. 

36. Electrostatic Measure of Currents. — In any coherent system, a current 
is measured by the quantity of electricity which passes in the unit of time 
(15) ; if both current and quantity are measured in electrostatic units, then 

«=f (18) 

fL^M^n 

The dimensions of [c] are therefore ; and in order to reduce a cur- 
rent from electro-magnetic to electrostatic measure, we must multiply C by v, 
or c=t;C (19) 

37. Electrostatic Measure of Electromotive Force, — ^The statical measure of 
an electromotive force is the work which would be done by electrical forces 
during the passage of a imit of electricity from one point to another. The 
only difference between this definition and the electro-magnetic definition 
(16 and 27) consists in the change of the unit of electricity from the electro- 
magnetic to the electrostatic. 

Hence if q units of electricity are transferred from one place to another, 
the electromotive force between those places being e, the work done during 
the transfer will be qe ; but we found (27) that if E and Q be the electro- 
magnetic measures of l^e same quantities^ the work done would be expressed 
byQE; hence 

qe^QE; 

but (35) q^vQ, 

E 
therefore e=- (20) 

Thus, to reduce electromotive force from electro-magnetic to electrostatic 
measure, we must divide by v. 

The dimensions of e are — — - . 

38. Electrostatic Measure of Resistance, — If an electromotive force, e, act 

* Experimental Researches, series iii. $ 361, &o. 

t Abhaadlun^n der Konig. Saohsischen Gtea. Bd. iii. (1857) p. 260 ; or, Poggendorfffl 

inalen, Bd. zciz. p. 10 (Aug. 1856). 
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m a oondaotor whose resistance in electrostatic measure is r, and produce a 
jnrrent, c, then hy Ohm's law 

»-=J (21) 

Substitating for e and e their equivalents in electro-magnetic measure (equa- 
tions 19 and 20), we have 

IE 

E 
bTit(eq.7). . . , 11=^, 

and therefore ^—y^^ (^^) 

Hence, to reduce a resistance measured in electro-magnetic units to its 
electrostatic value, wo must divide by v^. 

The dimensions of [r] are =r I , or the reciprocal of a velocity. 

39. Electric Resistance in Electrostatic Units is measured hy tJie Reciprocal 
of an AbsoltUe Velocity, — ^We have seen from the last paragraph that the 
dimensions of r establish this proposition ; but the following independent de- 
finition, due to Professor W. Thomson, assists the mind in receiving this con- 
ception as a necessary natural truth. Conceive a sphere of radius k, charged 
irith a given quantity of electricity, Q. The potential of the sphere, when 

at a distance from all other bodies, will be ^ (40, 41, and 47). Let it now 

be discharged through a certain resistance, r. Then if the sphere could col- 
lapse with, such a velocity that its potential should remain constant, or, in 
other words, that the ratio of the quantity on the sphere to its radius should 
ivmain constant, during the discharge, then the time occupied by its radius in 
ahiinking the unit of length would measure the resistance of the discharging 
^ondactor in electrostatic measure, or the velocity with which its radius 
diminished would measure the conducting power (50) of the discharging con- 
dactor. Thus the conducting power of a few yards of silk in dry weather 
might be an inch per second, in damp weather a yard per second. The re- 
sistance of 1000 miles of pure copper wire, -^^ inch in diameter, would bo 
about 0-00000141 of a second per metre, or its conducting power one metro 
jep 0*00000141 of a second, or 709220 metres per second. 

40. Electrostatic Measure of Hie Capacity of a Conductor. — ^The electrostatic 
capacity of a conductor is equal to the quantity of electricity with which it 
can be charged by the unit electromotive force. This definition is identical 
"trith that given of capacity measured in electro-magnetic units (20). Let 5 
le the capacity of a conductor, q the electricity in it, and e the electromotive 
ftroe charging it ; then 

q=Be (23) 

Irom this equation wo can see that the dimension of the quantity s is a 
' length only. It will also be seen that 

5=1^=8, < . (24) 

[^here S is the electro-magnetic measure of the capacity of the conductor with 
fte electrostatic capacity, s. 
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Tho capacity of a spherical conductor in an open spaoo h, in eledtrostatifi 
measure, etjual to the radius of the sphere — a fact demonstrable from thft j 
fundamental equation (17). 

Experimentally to determine s, the capacity of tho conductor in electro- 
static measure, charge it with a quantity, q, of electricity, and measure iaj 
any unit its potential (47), e. l?hon bring it into electrical connexion with 
another conductor whose capacity, s,, is known. Measure the potential, fj,' 
of 8 and «j after the charge is divided between them ; then 

and hence ^^- — -*i * (25) 

In this measurement we do not recjuire to know e and e, in absolute measnie^ 
since the ratio of these two quantities only is required. We must, how- 
ever, know the value of «j ; and hence we must b^gin either with a spheiical, 
conductor in a large open space, T«:hose capacity is measured by its radioi^ 
or with some other form of absolute condenser alluded to in the following 
paragraph. 

41. Absolute Coiidenser, Practical Measurement of Quantity. — ^As soon as 
the electromotive force of a source of electricity is known in electrostatift 
measure, the quantity which it will produce in the form of charge on simpltj 
figures is known by the laws of electrical distribution experimentally provej 
by Coulomb. Such simple figures may be termed absolute condensers. A 
sphere in an open space is such a condenser, and its capacity is numerical^ 
equal to its radius. A more convenient form is a sphere of radius at, sibf 
ponded in tho centre of a hollow sphere, radius y, flie latter being in com- 
munication with the earth. The capacity, 5, of the internal sphere is 
by calculation. 



5=^ 




y—x 

By a series of condensers of increasing capacity, we may measure the ca] 
of any condenser, however large. The comparison is made by the metiu 
described above (40). Thus, the practical method of measuring quantity 
electrostatic measure is first to determine the capacity of the conductor oott*'; 
taining the charge, and then to multiply that capacity by the eleotromotifi!! 
force producing the charge (43). . i 

42. Practical Measurement of Currents. — The electrostatic value of curredAil 
can be obtained from equation (21), when e and r are known, or £rom eqolHi 
tion (19), when v and C are known, or by comparison with a succession oC 
discharges of known quantities from an absolute condenser. 

43. Practical Measurement of Electromotive Force. — ^The relations expre 
by eq. (17) and (23) show that in any given circumstances the force exerted 
between two bodies duo to tho effects of statical electricity will be proportional 
to the electromotive force or difference of potential (47) between them, Thii 
fact allows us to construct gauges of electromotive force, or instruments BO 
arranged that a given electromotive force between two parts of the apparatus 
brings an index into a sighted position. In order that the gauge should serr* 
to measure the electromotive force absolutely, it is necessary that two thingi 
should be known : first, the distribution of the electricity over the two attract* 
ing or repoHing musses (or, in other ^ords, tho capacity of each part) ; secondly, 
the absolute force exerted between them. For simple forms, the distribution 

capacity of each part can be calculated from the fundamental prindplw 
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C33) ; the force actually exerted can be weighed by a balance. By these: 
ni^ng Professor W. Thomson* determined the electromotiTo force of a 
IDaDiell's cell to be 0-0021 in British electrostatic units, or 0*0002951 in 
OQetrical units, or 0-002951 in centimetrical units. This proposition is 
equivalent to saying that two balls of a metre radius, at a distance d apart, 
Ktoasured in metres, in a large open space, and in connexion with the oppo- 
site poles of a DanieU's ceU, would attract one another with a force equal 

. 0-0002961 X 0-0002951 , , . ^ . , ., 
to — — absolute metrical umts, 

^^ 0-000000008876 . , ^ 

or _5 gramme weight. 

An apparatus by which such a measurement as the foregoing can be carried 
>nt is caUed an absohite electrometer. It will bo observed that, although 
the definition of electromotive force is founded on the idea of work, its prac- 
Sieal measurement is effected by observing a force, inasmuch as when this 
•oroe exerted between two conductors of simple shape is known, the work 
irhicli the passage of a unit of electricity between them would perform may 
>e calculated by known laws. 

44. Comparison of Electromotive Forces hy their Statical Effects, — This 
soniparison is simpler than the absolute measurement, inasmuch as it is not 
leoeasary, in comparing two forces, to know the absolute values of either. 
[nstmments by which the comparison can be made are called electrometers. 
Cheir arrangement is of necessity such that the force exerted between two 
^yen parts of the instrument shall be proportional to the difference of potential 
lotween them f. This force may be variable and measured by the torsion of a 
nre, as in Thomson's reflecting electrometer, or it may be constant, and thp 
deotromotive foroes producing it may be compared by measuring the distance 
letween the two electrified bodies at which these attract each other with 
bat constant force. The latter arrangement is adopted in Professor Thom- 
on's portable electrometer, first exhibited at the present meeting of the 
kssociation. The indications of a gauge or electrometer not in itself absolute 
nay be redoced to absolute measurement by multiplication into a constant 
ioefficient. 

45. Practical Measuremeni of Electric Resisiunce, — The electrostatic resist- 
ince of a conductor of great resistance (such as gutta percha or india rubber) 
night be directly obtained in the following manner : — Let a body of known 
a^Micity, s (40), be charged to a given potential, P (47), and let it be gradually 
liacharged through the conductor of great resistance, r. Let the time, t, be 
loted at the end of which the potential of the body has fallen to p. The rate 

- t P 

'loss of dfictrioity will then be £. Hence » ^Pc"" "• and — = log. - . Hence 

sr sr °*jp 

»-=-45 (27) 

8 loe« — 

P 
, • P 

lom which equation r can be deduced, if s, i, and the ratio - be known, t can 

' ' P 

)e directly observed, b can be measured (40), and the ratio — can be measured 

P 

* Paper read before the Eoyal Society, February 1800. Vide Procoodings of the Royal 
»J*f , voL X. p. 319. and Phil. Mag. vol. xx. 4th ser. (1 800) p. 233. 

t A biflUr suspennon is uqw used (1872;* 
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tneasurements will ^ve v^. This method would probably yield very accurate 
results. 

Part V. — Electbical Mbasttrements dekived from: the Fite Elementabt 

Meastjrements ; and Conclusion. 

47. Electric Potential. — The word " potential," as applied by G. Green to the 
condition of an electrified body and the space surrounding it, is now coming 
into extensive use, but is perhaps less generally understood than any other 
electrical term. Electric potential is defined by Prof. W. Thomson as follows * : 

" The potential, at any point in the neighbourhood of or within an electrified 
body, is fiie quantity of work that would be required to bring a unit of posi- 
tive electricity from an infinite distance to that point, if the given distribution 
of electricity remained unaltered." 

It will be observed that this definition is exactly analogous to that given 
of magnetic potential (10), with the substitution of the unit quantity of 
electricity for the unit magnetic pole. (Analogous definitions might be given 
of gravitation potential, heat potential ; and every one of these potentials 
coexist at every point of space quite independently one of the other.) In 
another paper t Professor Thomson describes electric potential as follows: — 
•* The amount of work required to move a unit of electricity against electric 
repulsion from any one position to any other position is equal to the excess 
of the electric potential of the first position above the electric potential of the 
second position." 

The two definitions given are virtually identical, since the potential at 
every point of infinity is zero ; and it will be seen that the difference of 
potential defined in the second passage quoted is identical with what we 
Aave called the electromotive force between the two points (16 and 27). 

When, instead of a difference of potentials, the potential simply of a 
point is spoken of, the difference of potential between the point and the 
earth is referred to, or, as we might say, the electromotive force between the 
point and the earth. 

The potential at all points close to the surface and in the interior of any 
nmple metallic body is constant ; tliat is to say, no electromotive force can be 
produced in a simple metallic body by mere electrical distribution ; the 
potential at the body may therefore be called the potential of the body. The 
potential of a metallic body varies according to the distribution, dimensions, 
position, and electrification of all surrounding bodies. It also depends on the 
sabstance forming the dielectric. 

In any given circumstances, the potential of the body will be simply pro- 
portional to the quantity of electricity with which it is charged ; but if the 
drcumstances are altered, the -potential will vary although the total amount 
of the charge may remain constant. 

In a closed circuit in which a current circulates, the poteutial of all parts 
of the circuit is different ; the difference depends on the resistance of each 
part and on the electromotive force of the source of electricity, L e, on the 
difference of potentials which it is capable of causing when its two electrodes 
are separated by an insulator or dielectric. The different parts of a conductor 
moving in a magnetic field are maintained at different potentials, inasmuch 
•8 we have shown that an electromotive force is produced in this case. The 

» ftiper read before the British Association, 1852. Vide Phil. Mag. 1853, p. 288. 
t Paper read before the Boyal Society, February 1860. Vide Proceedings of the Koyal 
Society, toL x. p. 334. 
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potential of a body moving in an electric field (i. e, in the neighbourhood rf 
electrified bodies) is constantly changing, but at any given moment tho 
potential of all the parts is equal. Tlie use of the word " potential " has the 
following advantages : it enables us to be more concise than if we were 
continually obliged to use the circumlocution, " electromotive force betveen 
the point and the earth ; " and it avoids the conception of a force capable ol 
generating a current, which almost necessarily, although falsely, is attached 
to " electromotive force." 

Equipotential surfaces and lines of force in an electric field may be oo&- 
Btructed for statically electrified bodies ; these surfaces and lines may be 
drawn on similar principles and possess analogous properties to those describe^ 
in a magnetic field (10). It is hardly necessary to observe that the magnetio 
and the electric fields are totally distinct, and coexist without producing any 
mutual influence or interference. 

The rate of variation of electric potential per unit of length along a line of 1 
force is at any point equal to the electrostatic force at that point, t. e. to thd I 
force which a unit of electricity placed there would experience. The unit I 
difference of potential is identical with the unit electromotive force ; and the i 
electrometer spoken of as measuring electromotive force measures potential! 1 
or differences of potential. 

48. DensiUjy liesultant Electric Force, Electric Pressure. — ^The three fol- 
lowing definitions are taken almost literally from a paper by Professor V. 
Thomson*. Our treatise would be incomplete without reference to these 
terms, and Professor Thomson's definitions can hardly be improved. 

** Electric Density, — ^This term was introduced by Coulomb to designate the 
quantity of electricity per unit of area in any part of the surface of a con- 
ductor. Ho showed how to measure it, though not in absolute measure, by 
his proof-plane. 

" Eesultant Electric Force, — The resultant force in air or other insulating 
fluid in the neighbourhood of an electrified body is the force which a unit rf 
electricity concentrated at that point would experience if it exercised no 
infiuenco on the electric distributions in its neighbourhood. The resultant 
force at any point in the air close to the surface of a conductor is perpen- 
dicular to the surface, and equal to 4 np, if p designates the electric density of 
tho surface in tho neighbourhood. 

" Electric Pressure from the Surface of a Conductor balanced hy Air, — ^A. 
thin metallic shell or liquid film (as, for instance, a soap-bubble), if electrified, 
experiences a real mechanical force in a direction perpendicular to the sur- 
face outwards, equal in amount per imit of area to 27r/3*, p denoting, as before, 
the electric density at the part of tho surface considered. In the case of a 
soap-bubble its effect will be to cause a slight enlargement of the bubble on 
electrification with either vitreous or resinous electricity, and a corresponding 
collapse on being perfectly discharged. In every case we may consider it a0 
constituting a deduction from tho amount of air-pressure which the body ex- 
periences when unelcctrified. The amount of deduction being different in 
different parts according to the square of the electric density, its resultant 
action on tho whole body disturbs its equilibrium, and constitutes in fact the 
resultant electric force experienced by tho body.*' 

■ 49. Tension, — Tho use of this word has been intentionally avoided by as 
in this treatise, because tho term has been somewhat loosely used by various 
writers, sometimes apparently expressing what we have called the density, 

* Paper read before the Royal Society, Feb. 1860. Vide Proc. R. S. vol. x. p. 319 (1860), 
and Phil. Mag. vol. xx. eer. 4 (1860), p. 322, 
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smd at others diminution of air-pressure. By somo writers it has been used 
an the sense of a magnitude proportional to potential or difference of potentials, 
Tmt without the conception of absolute measurement, or without reference 
"to the idea of work essential in the conception of potential. 

60. Condtictinff Power, Specific Mesistance, and Specific Gondiictiiig 
I\mfer. 

Conducting Power, orConductivitij, — These expressions are employed to 
signify the reciprocal of the resistance of any conductor. Thus, if the re- 
fiistanco of a wire bo expressed by the number 2, its conducting power will 
be 0-5. 

Specific Resistance referred to unit of Mass. — The specific resistance of a 
material at a given temperature may be defined as the resistance of the unit 
mass formed into a conductor of unit length and of uniform section. Thus 
the specific resistance of a metal in the metrical system is the resistance of a 
wire of that metal one metre long and weighing one gramme. If the centi- 
metre is used as the fundamental unit, the specific resistance of a metal is 
the resistance of a wire of that metal one centimetre long and weighing one 
gramme. 

The Specific Conducting Power of a material is the reciprocal of its specific 
resistance. 

Specific resistance, referred to unit of volume, is the resistance opposed by 
the unit cube of the material to the passage of electricity between two opposed 
faces. It may easily be deduced from the specific resistance referred to unit 
of mass, when the specific gravity of the material is known. 

Specific Conducting Power may also be referred to unit of volume. It is of 
course the reciprocal of the specific resistance referred to the same unit. 

It is somewhat more convenient to refer the resistance to the unit of mass 
in the case of long uniform conductors, such as metal wires, of which the size 
is frequently and easily measured by the weight per foot or metre or centi- 
metre ; and it is, on the other hand, more convenient to refer to the unit of 
volume bodies, such as gutta percha, glass, &c., which do not generally occur 
as conducting-rods of uniform section, while their dimensions can always be 
measured with at least as much accuracy as their weights. 

51. Specifi^i Indu^ctive Capacity*. — Faraday discovered that the capacity 
of a conductor does not depend simply on its dimensions or on its position 
relatively to other conductors, but is influenced in amount by the nature of 
the insidator or dielectric separating it from them. The laws of induction 
are assumed to be the same in all insulating materials, although the amount 
be difiEerent. The name "inductive capacity " is given to thiit quality of an 
insulator in virtue of which it affects the capacity of the conductor it sur- 
rounds ; and this quality is measured by reference to air, which is assumed 
to possess the unit inductive capacity. The specific inductive capacity of a 
material is therefore equal to the quotient of the capacity of any conductor 
insulated by that material from the surrounded conductors, divided by the 
capacity of the same conductor in the same position separated from them by 
air only. It is not improbable that this view of induction may be here- 
after modified. 

52. Heat produced in a Conductor hj a Current. — The work done in driving 
a current, C, for a unit of time through a conductor whose resistance is E, by an 
electromotive force E, is EC = 11C'' (§ 17).. Tliis work is lost as electrical 
energy, and is transformed into heat. As Dr. Joule has ascertained the 
quantity of mechanical work equivalent to one unit of heat, we can calculate 

♦ Experimental Researches, series 3d. 
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. tlic quantity of heat produced in a conductor in a given time, if we know 
C and 11 in absolute measure. In the series of units founded on the centi- 
metre, gramme, and second, if we call the total heat 9, taking as unit 
the quantity required to raise one gramme of watesone degree Centigrade, 
we have 

net 

^ = 4157x10^ (^^) 

If the metre is used instead of the centimetre the divisor is 4157 ; and in 
the British system, founded on feet, grains, and seconds, mth a unit of heat 
equal to the quantity required to raise one grain one degree Fahrenheit, the 
divisor is 24-8G1. 

53. Electrochemical Equivalents, — Dr. Faraday has shown * that when an 
electric current passes through certain substances and decomposes them, the 
quantity of each substance decomposed is proportional to the quantity of 
electricity which passes. Hence we may call that quantity of a substance 
which is decomposed by unit current in unit time the electrochemical equi- 
valent of that substance. 

This equivalent is a certain number of grammes of the substance. The 
equivalents of different substances are in the proportion of their combining 
numbers ; and if all chemical compounds were electrolytes, we should be able 
to construct experimentally a table of equivalents in which the weight of 
each substance decomposed by a unit of electricity would be given. The 
electrochemical equivalent of water, in electro-magnetic measure, is about 0-02 
in the Eritish, 0-00092t in the centimetrical system, and '0092 in the metrical 
system. The electrochemical equivalents of all other electrolytes can be de- 
duced from this measurement with the aid of their combining numbers. 

54. Electromotive Force of Chemical Affinity, — ^When two substances 
having a tendency to combine are brought together and enter into com- 
bination, they enter into a new state, in which the intrinsic energy of the 
system is generally less than it was before, that is, the substances are less 
able to effect chemical changes, or to produce heat or mechanical action, than 
before. 

The energy thus lost appears during the combination as heat or electrical 
or mechanical action, and can be measured in many cases J. 

The energy given out during the combination of* two substances may, like 
all other forms of energy, be considered as the product of two factors § — the 
tendency to combine, and the amount of combinatioii effected. Now the 
amount of combination may be measured by the number of electrochemical 
equivalents which enter into combination ; so that the tendency to combine 
may also be ascertained by dividing the energy given out by the number of 
electrochemical equivalents which enter into combination. 

If the whole energy appears in the form of electric currents, the energy of 
the current is measured by the product of the electromotive force and the 
quantity of electricity which passes. N'ow the quantity of electricity which 
passes is equal to the number of electrochemical equivalents which enter on 
either side into combination. Hence the total energy given out, divided by 
this number, will give the electromotive force of combination. Thus, if N 

* Experimental Hesearches, series vii. 
t -0009375 by Weber and Kohlrausch. 

X Beport British Association, 1850, p. 63, andThil. Mag. vol.xxxii. ser.S. See papers 
Iwr Prof. Andrews, and Favre and Silbermann, *• On the Heat given out in Chemical Action,* 
'*al»ft BenduB, vols, xxivi. & xxxvii. 

I Bankine " On the General Law of Xransformation of Energy,*' Phil. Mag. 1853. 
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electrochemical equivalents enter into combination under a chemical affinity 
I, and in doing so give out energy equal to W, either as heat or as electrical 
action^ then 

But if W be given out as electrical action, and causes a quantity of electricity 
Q, to traverse a conductor under an electromotive force E, we shall have 

• W = EQ. 

By the definition of electrochemical equivalents, 0=1^, 
therefore I = E • 

or the force of chemical af&nity may in these cases be measured as electro- 
motive force. 

This method of ascertaining the electromotive force due to chemical com- 
bination, which gives us a clear insight into the meaning and the measure- 
ment of '•' chemical affinity," is due to Professor "W. Thomson*. 

The field of investigation presented to us by these considerations is very 
wide. We have to measure the intrinsic energy of substances as dependent 
on volume, temperature, and state of combination. When thi's is done, the 
energy due to any combination will be found by subtracting the energy of 
the compound from that of the components before combination. 

As the tendency to increase in volume is measured as pressure, and as the 
tendency to part with heat is measured by the temperature, so in chemical 
dynamics the tendency to combine vdll be properly measured by the electro- 
motive force of combination. 

55, Tables of Dimensions and other Constants f : — 

JFhindamental Units, 
Length = L. Time = T. Mass = M. 

Derived Mechanical Units, 
Work = W= ^. Force=F=^. Velocity= V=y. 

Derived Magnetical Units, 
Strength of the pole of a magnet .... m=L^" T*" M' 

Moment of a magnet ml=Jj^ T~ M* 

Intensity of magnetic field H=L"'^ T"^ M* 



* « On the Mechanical Theory of Electrolysis," Phil. Mag. Dec. 1851. 

t The first Table of Dimensions was given by Fourier, • Th^orie de la Chaleur,* p. 157. 
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Table for the Conversion of British {foot-grain-seeond) System to Centi- 
metrical {centimetre-gramme-second) System. 





Number of 

centimetrical units 

contained in a 

British unit 


Number of 

British units 

contained in a 

centimetrical unit 


10 for M 


0-0647989 

30-47945 
1-97504 

60-198 
•0461085 

1-40536 
42-8346 
0-0359994 


15-43235 

-03280899 
•506320 

-01661185 
21-6880 

•711561 
-0233456 

27-7782 


V 1 

2® for L, T B, - and Y 


'1 r 
3° for F (also for foot-grains and 

centimetre-grammes) . 
4® f or W 


5° for H and electrochemical equi- 
valents. 
6° for Q, C, and e 


7° for E, w, (7, and e 


8® for heat 
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1 volt =10® ahsolnte units of electromotive force. 

1 ohm =10® centimetres per second. 

=3-2809 X lO"' feet per second. 

=1 quadrant of the meridian through Paris per second. 

V =31-074 ohms by Weber and Kohlrausch. 

,, =28-2 ohms by Thomson. 

„ =28-8 ohms by Maxwell. 

Telocity of light=29-8 ohms by Foucault. 

The intensity of gravity at many different stations has been determined 
by experiment. Where it has not been so determined, it may be calculated 
by the formula 

(7=G (1-0-0025659 cos 2\) /l-^2- | -)f[, 

where g denotes the intensity of gravity at the station. 

G the intensity of gravity at latitude 45° at the level of the sea. 

G = 980-533 centimetres, or 32-1703 feet. 

X is the latitude of the station. 

The last factor is a correction for the height of the station. 

z is the height of the station in centimetres or feet. 

r is the mean radius of the earth. 

r= 636,619,800 centimetres, or 20,886,852 feet ; p is the mean density of 
the earth, about 5-5 times that of water ; p is the mean density of the hill 
on which the station is placed. If we suppose this about half the densitj' of 
the earth as a ^hole, the factor for correction due to height becomes 



1— 1-32 -, nearly. 



95 

The absolute magnitude is in most cases an inconvenient one, leading to 
the use either of exceedingly small or exceedingly large numbers. Thus the 
units of electro-magnetic resistance and electromotive force and quantity, and 
of electrostatic currents, are inconveniently small ; the unit of electro.^tatic 
resistance is inconveniently large. Decimal multiples and submultiplcs of 
these units will therefore probably have to be adopted in practice. The 
choice of these multiples and submultiplcs forms part of the business of the 
Committee. 

The nomenclature hitherto adopted is extremely defective. In referring 
to each measurement, wo have to say that the number expresses the value in 
dectrostatic or electro-magnetic absolute units: if a multiple is to be used, this 
mtdtiple will also have to be named ; and further, the standard units of length, 
mass, and time have to be referred to, inasmuch as some writers use the pound 
and some the grain, some the metre and some the millimetre, as fundamentul 
imits. This cumbrous diction, and the risk of error imported by it, would 
be avoided if each unit received a short distinctive name in the manner pro- 
pooed by Sir Charles Bright and Mr. Latimer Clark, in a paper read before 
the British Association at Manchester, 1861. 
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Appendix D. — Descnption of an ExperlmenUd Measuretnent of , Electrical 
Itcslstance, made at King's College, By Professor J. Clerk Maxwell and 
Messrs. Balfour Stewart and Eleemino Jenkin. (Parts I., III., and 
IV., by Professor Maxwell. Part II., by Mr. Fleeming Jenkin.) 

Part I. — General Description of the Method Employed. 

In the general Report of the Committee, and in Appendix C, it has already 
been shown that the most important aid to the exact science of electricity 
would bo the determination of the resistance of a wire in absolute measure, 
and the publication of standards of resistance derived from this wire. This 
has already been done by Weber* ; but it is desirable that the determination 
of a quantity so important should not be left in the hands of a single person. 

Weber has employed two methods. 

1st. By suddenly turning a coil of wire about an axis so as to alter its 
position relatively to the terrestrial magnetic lines of force, he produced an 
electromotive force acting for a short time in the coil. This coil was con- 
nected with another fixed coil having a magnet suspended in its centre. The 
current generated by the electromotive force passed through both coils and 

^ Ixxzii. p. 337 (March 1851) ; Electrische Maasbcstimmungen, Leipzig, 
lit of the Royal Society cf Sciences of Saxony, vol. i. p. 197; and 
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iho revolving coil by n simple band aa^a^. . . . The arrangement of tbe h 

ft //j I) communicating the motion of shaft A to shaft B may be et 

understood from the diagram. C C arc two guide-pulleys running loose 
.l)ins attaclied to llio main framing. 1) I) are two loose pulleys maintained i 
a constant distance by the strut E, to which the weight W is hung. 

Wlicn the rotation of shaft 1^ is opposed by a sufficient resistance, 
effect of turning the flywheel in the direction shown by the arrow is to 111 
the weight W from the ground, tending to turn the shaft B with a def 
force, whicli will be ficnsibly constant so long as the weight is kept off 
ground and the band b ?)^ ft.^ . . . . remains unaltered in length, WhereTcr, 
in the present experiments, the resistance increases with the speed of rot 
tion, the speed of the driving- ,vlieel can easily bo regulated by hand, so as 
keep the weiglit from falling so low as to touch the ground, or rising so 
as to foul the gear ; and thus, with a little care, a constant driving force 
be applied to the shaft li and to the machinery connected with it. 

The revolvhu/ coil formed the most important part of the apparatus. It i^ 
shown one-fifth full size in figs. 1 and 2, PI, II. 

A strong brass frame, II II, was bolted down by three brass bolts, F F J, 
dowelled into a heavy stone. It could be accurately levelled by three si 
screws, G G G. The brass rings, I Ij, on which the insulated copper 
was coiled, were supported on the frame by a pivot, J, working in ligni 
vitffi, and by a hollow bearing, K, working in brass : this bearing worked ikj 
a kind of stuffing-box, h (fig. 3), which, by three screws and a flat springj 
washer between it and the frame at j, could be adjusted to fit the collar i^ 
with great nicety, preventing all tendency to bind or shake. Supported ia^ 
this way the coil revolved with the utmost freedom and steadiness. j 

The coil of copper vrire was necessarily divided into two partis on the twJ 
rings I Ij, to permit the suspension of the magnet S. The two brass ring! 
were each formed of two distinct halves, insulated from one another by vnW 
canite at the flanges ff^. This insulation was necessary to prevent the inn 
duction of currents in the brass rings. These rings, after being bolte^ 
together, were turned with great accuracy by Messrs. Elliott Brothers. Thai 
insulated copper wire was wound in one direction on both rings ; the imieiq 
end of the second was soldered to the outer end of the first ; the two extremej 
ends of the conductor thus formed were soldered to two copper terminals, h A'^j 
insulated by the vulcanite piece, a?, bolted to the brass rings. Each terminal 
was provided with a strong copper binding-screw, and had a mercury-ciqj 
drilled into its upper surface. The two coils could be joined, so as to form i 
closed circuit, by a shoi-t copper bar between the binding-screws. The ban^ 
binding-screws, and nuts were amalgamated to ensure perfect contact. "When 
the copper coils were to be connected wdth the electric balance, the short 
copper bar was removed and the required connexions were made bv short 
copper rods, one quarter of an inch in diameter, dipping at one end into the 
mercury-cup on the terminals 7i li', and at the other end into the mercury- 
cups of the electric balance. The absence of all induced currents influencing 
the suspended magnet when the circuit was broken at hh' was repeatedly 
proved by experiment. 

Eolation was communicated to tlio coils by a catgut band simply making 
half a turn round the small Y-pulley 7. The band could be tightened ai 
required by the jockey pulley z and weight w (fig. 4). 

A short screw of large diameter, n, gearing into a spur-wheel of one hun- 
dred teeth, 0, formed the counter from which the speed of rotation was 
obtained, as follows: — A pin, jf>, on the wheel o lifted the spring q as it 
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Itaed ; this spring in its rebound struck the gong M. The blow was of 
ittve repeated at every hundred revolutions, and the time of each blow was 
iperved on a chronometer. The arrangement was equally adapted for rota- 
fa in either direction. 

^ second Y-pulley,r, served for the band c c, communicating motion to the 
^wnor by which the speed was controlled. 

Itte manner in which the suspended magnet was introduced to the centre 
^ihe coil is best seen in fig. 3. A brass tripod, N", bolted to the main 
Woe, supported the long brass tube 0, which passed freely through the 
Dow bearing at K. A cylindrical wooden box, P, slipped on to the end of 
B tabe 0. The magnet hung inside this box, the lower part of which 
ipld be removed to allow the exact position of the magnet to be verified, 
h support N also carried a short brass tube E, on which the glass case 
Mold be secured by a little sliding tube. The mirror t, attached to the 
ipiet S by a rigid brass wire, hung inside this glass case by a single 
jbon-fibre about eight feet long. This fibre was protected against currents 
"air by a wooden case (not shown in the Plate), extending from the point 
;^sapport down to the glass case. A little sliding paper prolongation of the 
Men case made it nearly wind-proof by fitting at the bottom against the 
■ill brass frame. An opening in the case allowed the mirror to be seen. 
Is fibre at the top was suspended from a torsion-head, by which it could 
Homed ; it could also be raised and lowered by a small barrel, and was 
pBstablein a horizontal plane by three set screws. The care taken in sus- 
ilding the magnet and in protecting it both against currents of air and 
Intion was repaid by success, for the image of the scale refiectcd in the 
was as. clear and steady when the coil was making 400 revolutions 
minnte as when it was at rest. 

governor used was lent by one of the Committee and will not be 

ibed in detail, as an improved governor on the same principle will bo 

in future experiments, in describing which an account of its construc- 

win be given. It may be said, however, that the little instrument actually 

generally controlled the speed to such uniformity as allowed the 

aons to be observed with as much accuracy as the zero-point. 

MeaU and telescope hardly require special description; they were 

in the usual manner for this kind of experiment, at about three 

from the mirror. The scale was an engine-divided paper scale nailed 

wooden bar. This plan will in future experiments be abandoned, as 

in the weather had a very perceptible influence on the scale. 

annexed (p. 100) diagram shows the electric halance by which the copper 

C was compared with an arbitrary German-silver standard S before and 

each induction experiment. The arrangement is that of the ordinary 

►ne's balance^ as described in Appendix H of the Eeport of your 

ittee for 1862. A and C represent the arms of the balance as there 

S the G^erman-silver standard, and E the copper coil to be mea- 

_ J J^, H Hj, M Mj, and L L are four stout copi)er bars with mcrcury- 

fXaa^a^, ,,hW, ,yCC^i and a d^. Two short copper rods, F and P^, can 

[used to connect a with h and c with d. When this is done the arrangc- 

is exactly that of the simple Wheatstone balance with the keys at K 

Kj, and described in Appendix H of the last Kcport, A and C were coils 

of about 300 inches of No. 31* German-silver wire, and were adjusted 

iwaality with extreme rdcety, and each assumed equal to 100 arbitrary 

If B on any occasion had been exactly equal to S, the galvanometer Q! 

• Diameter =001 inch. 
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irould have been unaffected on depreBsing the keys KK„ when a wasja 
to 6 and c to d by F and F„ rods of no aensible resiBtanoe. This exact eqi 
betwe:;n E nnd S could never be obtained, owing to slight changes in tem, 
tnre, which affected.thc two coils very differently. The object of the mM 




tions introduced was to allow the" ratio between 8 and E, differing by a I 
amount only, to bo measured with great accuracy. 

For this purpose a number of German-ailver coils were adjusted, repm 
ing 1, 2, 4, 8 ... . 512 in the arbitrary units, equal to the hundredth parti 
or C. These coils were so arranged that any one or more of them coul 
introduced between the bars HH, and J J,. A single coil, equal to 1 ' 
same arbitrary unit, could be introduced between the bars L L, and 
In the diagram this coil is ahown in its position and the rod F, withdn 
Similarly F is withdraws from between & and G', and the coil 1 joins^ 
h, in the bars H H, and J J, . If no other coik wore placed between H S, 
J J„ the arms of the balance would now be 101 and 101 respectdvely, ind 
of 100 and 100 ; but the ratio would still be that of equality. Let ns 
suppose that, when the circuit with the battciy is completed, Uiegalyaneq 
by its dcfiection shows that It is bi^er than S, wo can reduce the n 
of the arm between B and Y by various small graduated and definite 
hy introducing the coils 2, 4, 8, &c. between H H, and J J",. Let us 
suppose the coil 2 introduced. The resistance between H and J will \t 
reciprocal of 1-5 or 0-6667; for whore various resistances are addei 
multiple arc, the resistance of the compound arc is Ihe reciprocal of 
sum of their conducting powers, and the conducting power of a wire is 
reciprocal of its resistance. The ratio between the two arms will noi 
101 : 100-6667. Let us suppose that on completing the circuit the galv( 
meter still deflects in the same direction as before, the arm between D a 
must be still further reduced by including fresh coUs between HH, and 
It is very easy by trial to find the combination which maintains the gal» 
meter at zero when the circuit is completed. Let us suppose tiiat, aa ir 
diagram, the coils included were 1, 2, 4, 8, and 04. The reciproca 
these numbers are 1, 0-5, 0-25, 0-125, and 0-015625. The conducting p< 
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rctween H and J is therefore !• 890625, the sum of these numbers. The 
anstance between H and J is 0;52893, the reciprocal of the last number, and 
Ebo ratio between the arms wiU bo 101 : 100'52893. A little consideration 
rdll show that with the coils named any ratio between 101 to 100-5 and 101 
3 101 can be obtained by steps not exceeding 0*00195, the reciprocal of 512, 
be largest coil or smallest conducting power which can be included between 
lie copper bars HHj and J Jj. By substituting the rod F for the coil 1 be- 
V^een L L^ and M M,, the observer can obtain a fresh series of ratios with the 
ame steps between 101 to 100 and 100-5 to 100. In this way it will be seen 
bat unless the coils 11 and S differ by more than one per cent., their ratio 
cm be measured in the manner described within 0*002 per cent. 

It should further be observed that extreme accuracy in the coils 1, 2, 4, 
kc. is not necessary, since an error of one per cent, in the sum of these, as 
ftompared with their true relative value to the coil C, would only affect the 
Ibial result 0*01 per cent. 

^ The position of R and S in the balance relatively to A and C, &c. is of course 
Laterchangeable. 

The diagram is not intended at all to represent the practical arrangement, 
Ibat simply to show the connexions. The electric balance described in Ap- 

EQdix H of last year's Report (Plate I. figs. 1 to 6, Report 1862) was used 
th a stout copper rod between the cups e e^, and two additional boards with 
%Ab copper bars H H,, J Jj, L Lj, and M M^ fitted as in the above diagram. The 
Doils 1, 2, 4, &c. had amalgamated copper terminals, which simply dropped 
Into mercury-cups on the copper bars. The observations could be made very 
pidly and accurately, as the galvanometer was sensitive enough with four 
iell's cells to indicate the addition or subtraction of the 512 coil with per- 
distinctness. The reduction of the observations to find the ratio seems 
what complicated at first, but with the aid of a table of reciprocals it 
but little time. I^o improvement seems necessary in this part of the 
tus. The idea of using large coils combined with small ones in mul- 
arc to obtain extremely minute differences of resistance was suggested to 
writer by Professor W. Thomson, and will be found useful in very many 
lys. 

Part III. — Mathematical Theory of the Experimeih:, 

A circular coil of copper wire is made to revolve with uniform velocity 

it a vCTtical diameter. A small magnet is suspended by a silken fibre in 

middle of the coil. Its position is observed when the coil is at rest, and 

the coil revolves with velocity w the magnet is deflected through an 

^. Currents are induced in the coil by the action of the earth's mag- 

and these act on the magnet and deflect it from the magnetic meri- 

Bj observing the deflection and the velocity of rotation, we can dclcr- 

le the resistance of the coil in electro- magnetic units. 

In determining the strength of the current we may neglect the motion of 

suspended magnet, as it is found, both by theory and by experiment, to 

insensible. We have therefore, in the first place, to determine the elcctro- 

letic potential of the coil with respect to the earth's magnetism, with 

pect to the suspended magnet, and with respect to itself. 

Ist. Let H bo the horizontal component of the earth's magnetism. 
y the strength of the current in the coil. 
G the total area enclosed by all the windings of the wire. 
6 the angle between the piano of the coil and the magnetic meri- 
dian. 
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Then the potential of the coil with respect to the earth is 

— HyGsinO. 

2nd. Let M bo the magnetic moment of the suspended magnet. J 

^ the angle between the axis of the magnet and the magnei 

meridian. 
K the magnetic force at the centre of the coil due to unit currei^ 
in the wire. 
Then the potential of the coil with respect to the magnet is 

— MyKsin(0-^). 

3rd. Let JL be the potential of the coil on itself for unit current. 
Then the potential due to a current y is 

Let P be the electromotive force, and R the resistance, then the wod 
spent in keeping up the current is Py in imit of time ; or, since P=sEy, th 
work spent in keeping up the current for a time dt is 

Ry' Et. 

If the current is at the same time increased from y to y+^y> the wor 
spent in increasing the current will be 

Ly ^y. 

If the angular motion of the coil be dd, the work spent in keeping up tl 
rotation against the electro-magnetic force is 

Hy G cos ede + MyK cos (6 — (f)dd. 

Since this work is exactly consumed in keeping up or increasing the currer 
we must have 

HyG cos Odd+MyK cos (e-'<t>)de^lXy^dt+Lydy. 

do 
Since 0=wi and -77=6'* the solution of this equation is 

y =^Tr^{GH(R cos d+Lw sin (?)+KM(R cos (6-^0)+Lw sin (e^— 0))} 

the last term becoming insensible soon after the beginning of the expcrimei 
We can now find the equation of motion of the magnet. 
Let A be its moment of inertia, MHr the torsion of the fibre per unit 

angular rotation, then 

A^=ME:y cos (0-0)-MH(sin 0+7^). 
at 

Substituting tlie value of y and separating terms in 6, we find 
Ag=|^!e_ { GH(R cos ^+L.. sin ^)+KME } -MH(sin ^-T^) 

+1^^, |gH(Rcos (2fl-^)+L«u sin(20-^)) 



+ 



KM(R cos 2(0— 0)+La. sin 2(0-^)) j 
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In order that f may continuo as it does nearly constant, the part indepen- 
dent of 6 must vanish, or 

l^^^|GH(Rcos0+Laisin0)+KMR| -MH(sin0-fT0)=O. 

This gives the following quadratic equation for R : — 

^3 1^ GKo, A,,^ ,KM\ 1 GKLa>^ J , 
2 sin^+r^V ^ GH/ 2-, , jp_ 

The solution of this equation may bo expressed to a sufficient degree of accu- 
racy as follows : — 

GKci f. . KM . 2L/2L A, « 1 



B: 



2tan0(l + 



^ l+___se0( 
I 



GH 



To determine the quantities occurring in this equation, we must measure 
tiie dimensions of the coil, the strength of tho magnet, and the force of tor- 
sion of the fibre. 

Ist. Dimensions of the coil. 

Let a=mean radius of the coil = 04566 metre. 

n=number of windings of wire =307 

I =effective length of wire=27rna =302'003 metres. 

h =breadth of section of coil perpendicular to the 

plane of the coil 

c = depth of section in the plane of the coil ...... 

6' s= distance *of mean plane of coil from axis of 

motion 

a= angle subtended at axis by radius of coil =83° 1'. 



0185 metre. 
0132 



= -01915 



>> 



39 



cos «=-= -12245. 
a 

Then G=T«a'(l+^^,) 



= sm" 



a 



a 1 1 +-L1V2-15 sin^ a cos^ a) 
I 24 a^ 



-I- ^ ^' (15 sin'^ a cos' a - 3 sin^ a) 
24 a^ 



> 9 



GK=7rnZsm'a'^ 1+^1 4.-—^— sin' a cos' a—- ~ sm'^ a U 

If the dimensions of the coil are measured in metres, GK will be ex- 
pressed in metres. 
Let T be the time of 100 revolutions of tho coil, expressed in seconds; tlicn 

T<i;=2007r, 

r 2007r 



(It 



T 



Let D bo the distance of the scale from the mirror, h the scaic-reading mea- 
iired from the point of tho scale which is nearest to tho mirror, then 
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2 tan^ 






To determine MHr, the coefficient of torsion, let the magnet he turn 
round so as to twist the fibre nearly 360°. Let the difference of reading d 
to the torsion be 5', then 

=J1_JL_ 



47rD 



To determine -— =, let^he suspended magnet A he removed, and let anotl 

magnet, which we shall call B, he put in its place. Let the magnet A be n 
placed east or west of B, at a distance equal to the mean distance of the c< 
or Va^-\'h'^. Let the deflection of B when the north or south end of h 
directed to it bo /i, then 

KM , 
^=tan;.. 

. The determination of the quantity L, the electro-magnetic capacity of 
coil, requires a more complex calculation, which must bo explained separat 
In the actual experiment the deviation was always small, and theroj 
tan'* was very small, so that the term depending on L was never import; 
. We may now write the value of R, 

RSOOir^DnZsin^an , .. i 

=s -^ 11 + corrections} • 

lo 

In this expression- the quantities DnZci are determined before the exp 
ment is made. The only quantities to be observed are T, the numbe 
seconds in 100 revolutions, and ?, the deviation in millimetres of the sea 



Part lY. — Details of the Expeeimekts. 

In the experiments at King's College, June 1863, 
• n, the number of windings, was 307. 
Z, the effective length of wire, 302*063 metres, 
8in»a = l --021756. 
D, the distance from the mirror to the scale, 2*9853 metres. 

9 

Determination of Velocity » 

A wheel of 100 teeth turned by an endless screw caused a bell to be str 
every 100 revolutions of the coil. The times of the bells, as observed v 
a chronometer, serve to determine T. 

Determination of Deviation, 

I is the difference between the reading of the scale when the magne 
acted on by the earth only, and when it is acted on also by the induced c 
rents in the coil. To determine I, the reading of the scale is made when 
tjoil is at rest, or when the circuit is broken. Another reading is taken v 
the connexion complete and the coil in motion. If the earth's magnet 
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remains the same, the difference of these readings is the true value of 3 ; but 
smce the direction of the earth's magnetic action is continually varying, we 
must find the difference of declination between the times of the two readings, 
and calculate what would have been the undisturbed reading of the scale at 
the time when the deviation was observed. 

In our experiments this correction was made by comparison with the pho- 
fographic registers of magnetic declination made at Kew at the same time 
that our experiments wore going on. 

Corrections, 

The corrections being small may be taken separately. Each has to b« 
multiplied by the factor already considered, 

A. Correction for the dimensions of the section of the coil. 

A 1 c^ 5¥-c^ -2 a 16^ . a 

A=- — 4-5- — — sin' a cos=» a — --sin'^a 

= +•000075. 

B. Correction for level. Let the axis of rotation be inclined to the vertical 
at an angle /3 measured towards the north, and let the angle of the dipping- 
needle with the horizontal be I, then there will be a correction, 

B= — tanTsin/l. 

In the actual experiment the level was taken with a spirit-level reading to 
12", and found correct to at least that degree of accuracy. 

C. Correction for the induction of the suspended magnet on the coil. The 
strength of the magnet, as compared with that of the magnetic field, was mea- 
sured by means of a magnetometer from Kew by the ordinary method. The 
correction found was 

C=+ iaD.fl 
=•00780. 

The small magnet generates induction-currents in the coil which react on 
the magnet, and tend to tnrn it in the direction in which the coil revolves. 
If there were no horizontal magnetic force due to the earth, the coil would 
drag the magnet round after it. In the actual case it makes the deviation 
greater than it should be by '0078. 

D. Correction for torsion of the fibre. 

D=-T=— i^ 
AttB 

= -•00132. 

This correction depends on the relation between the stiffness of the fibre 
and the directive force of the suspended magnet. The fibre was a single 
fibre of sDk 7 feet long ; the magnet was a steel sphere f^ inch diameter, 
and not magnetized to saturation. The correction for torsion was therefore 
much larger than if a stronger magnet had been used. 

E. Correction for position of suspended magnet. 

Let the centre of the magnet be at a distance i above or below the centre 
of the con, ri north or south of the axis of motion, and { east or west of the 
axis, then there will be a oorrection, 



E-+^(l-4cot'o)8m*«(4g-5;-3i;}. 

Hero a=15G-G millimctros, and tho placo of tho magnet was so adjusted th^^ 
it could not vary ono millimetre in any direction without the error beiofi? 
observed. Hence this correction is negligible. 

F. Correction for irregularity in the magnetic field due to iron or magnet* 
near the instrument. 

Let t bo tho time of oscillation of a magnet at the centre of tho coil, t^ and 
ti at distances z above and below that point, then 

F= 



"■ + 16?1 t J- 



This correction may also bo neglected. 

G. Correction of scale-reading. The quantity observed is tan 2^, the quan- 
tity to be found is tan 0. The correction to tho value of 11 is 

H. Correction for electro-magnetic capacity of the coil. 

Let L bo tho value of the electro-magnetic capacity, the correction is 



1^ 2L/2L_ \ 
iD^GKVGK Y 



In the actual coil L was found by calculation =397750 metres, and 
by a rough experiment =398500 metres, 
NowOK=560245 metres. 

The correction is therefore— ~,(0-59G234)=H. 

This correction is of the same form with G, and may be taken along with it. 
Tho complete expression for E is therefore 



R«^538145581730+| 3055-5. 



The nature of tho electrical action in tho experiment may be stated as 
follows: — 

Suppose the plane of the coil to coincide with magnetic north and south, 
iind that the coil is revolving in the direction of the hands of a watch. Then 
the north side of tho coil is moving from west to east, and therefore expe- 
riences an electromotive force tending to produce an upward current. The 
south side of the coil is moving from east to west, and therefore there is a 
tendency to produce a downward current in it. If the circuit is closed there 
will be a current upwards on the north side, and downward on the south side 
round tho coil. 

Now this current will tend to turn the north end of the suspended magnet 

towards the east ; but tho earth's magnetic force tends to turn it towards 

the north ; so that the actual position assumed by the magnet must depend on 

tho relation between the strength of the current and the strength of the 

earth's magnetism. But the strength of the current depends only on the 

velocity of rotation, the resistance of the coil, and the strength of the earth's 

magnetism. Hence the position of the magnet will not depend on the strength 

of the earth's magnetism, but only on the velocity and the resistance of the 
««il. 
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We must remember that the coil in its revolution comes into other posi- 
tions than that which we have mentioned. As the north side moves towards 
tfae east, the current continually diminishes till it ceases when it is due east. 
The oaiient then commences in the opposite direction with respect to the 
eoO; but since the coil itself is now in a reversed position, the effect of the 
emrent on the suspended magnet is still to turn the north end to the cast. 
Ihe action of the current on the magnet is therefore of an intermittent 
nature, and the position of the magnet is not fixed, but continually oscillating. 
The extent of these oscillations, however, is exceedingly small. In fact if T 
be the time of vibration of the magnet from rest to rest under the action of 
the earth, and if ^ be one quarter of the time of revolution of the coil, and if 
d be the deviation as read on the scale^ then the same amplitude of these 
oscillations will be 

In the actual experiment «= about—, and S less than 400 millimetres, 

80 that the whole extent of vibration would be less than j— of a millimetre 

on the scale. This vibration was never observed and did not interfere with 
the distinctness of-vision. 

The only oscillations observed were the free oscillations of the magnet. 
They arose from accidental causes at the beginning of the experiment, and 
were subject to slight alterations in magnitude due to changes of speed of 
rotation, the passage of iron steamers in the Thames, &c. The time of one 
vibration was about 9* 6 seconds, and by reading the scale at the extremities 
of every vibration a series of readings was obtained, the intervals between 
which were proximately equal. 

Now since the deviation is proportional to the velocity 

and if we take values of S at small intervals dt and sum them, we shall get 

where x is the whole distance travelled in the time. 

Hence all we have to do is to observe the deviation at every oscillation, 
and to ascertain the whole number of revolutions during the time of observa- 
tioH, and the exact beginning and ending of that time. This was done in the 
following way. 

The coil was made to revolve by means of the driving machine, and its 
velocity was regulated by the governor. While the required velocity was 
being attained, the oscillations of the magnet were reduced within convenient 
limits by means of a quieting bar at a distance. The quieting bar was then 
put in its proper place and the observation commenced. 

One observer, A, took the readings of the scale as seen in the telescope, 
writing down the deviation at the extremity of every oscillation and thus 
obtaining a reading every 9*6 seconds. 

Another observer, B, with a chronometer, wrote down the times of every 
third stroke of the bell. The times thus found were at intervals of 300 
revolutions. When the observer B noted the time, the observer A made a . 
mark on his paper, so that after the experiment the readings of deviation 



eould be compared with the readings of the chronometer taken at the samo 
time. 

The mean time of revolution between any two times of observation could 
thus be found and compared with the mean deviation between the same 
limits of time, and any portion of an experiment accidentally vitiated could 
be rejected by itself. 

The experiments of each day commenced with a comparison, by means of 
an electric balance*, between the resistance of the experimental coil and that 
of a German-silver coil (called " June 4 "). 

Then a series of readings of the scale was taken to determine the undis- 
turbed position of the magnet. The times of beginning and ending this series 
were noted, and called Times of Ist Zero. 

Then the coil was made to revolve, and readings of deviation and of timo 
were taken as already described, and called 1st Spin+. 

Then the direction of rotation was reversed and a second set of readings 
obtained, and called 2nd Spin—. 

Then the undisturbed position was again observed with a note of th© 
time. This was called 2nd Zero. 

Lastly, the resistance was compared again with the standard coil. Thid 
series of experiments was then repeated if there was time. 

From the values of 1st zero and 2nd zero, together witji the informatioa 
obtained from the photographic registers at Kew, the true value of the un- 
disturbed reading during the 1st spin and 2nd spin was obtained. The dif- 
ference between this and the actual reading is the deviation d due to the 
electric currents. T was got by the chronometer readings. Now let r be 
the resistance of the standard coil at standard temperature, K the resistance 
of the experimental coil during the experiment, then by the comparison of 
resistances we find 

where a: is the ratio observed by means of the electric balance. But we also 

N 
know that R=—-+ correction, where N is a known number given at p. 76. 

To 
Hence r, the resistance of the standard coil, may be found in absolute measure 
by the formula 

r=-=r= + a small correction; 

the value of .-rTS should therefore be nearly constant. 

Thus, on June 23rd, 1863, the experiments were made as follows : — 

At 12*^ 15"" the resistance of the copper experimental coil was compared 
with that of standard coil ** June 4 " taken at 101, and found to be 101-26. 

From 12** 36"* to 12** 45" the undisturbed position of the suspended mag- 
net was observed, and found to be 590'28 scale-divisions as the mean of all 
the readings. 

The position of the declinometer at Kew at the same time was 7*689 of its 
own scale-divisions. 

From 12** 47"* 51 "5 to 1** 3*** 13* the position of the magnet was again 
observed while the coil was revolving; 104 readings of the scale were taken, 
of which the mean was 930-59. This, when corrected for scale-error, gives 
931-48 as the true reading. The position of the declinometer at Kew during 
the same time was 7*679. The resistance, measured after the experiment, 
waa 101-28. 

* Vide Beport, 1862, p. 159, and present Appendix, p. 99. 
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The number of revolutions was 6300 during the time of observation, so tbat 
the time of 100 revolutions was 14"'464. 

By comparing the Kew apparatus with that at King's College, it appears 
that 1-0 of the Kew scale ==19-137 of the King's College scale. The undis- 
turbed readings at King's College were found actually to vary very nearly in 
.this proportion to those at Kew. 

, Hence it is easy to find the undisturbed reading during any given experi- 
ment by comparison with the Kew numbers. 

Thus, for the first experiment on June 23rd we get 

Corrected undisturbed reading 691'54 

Deflected reading 931-48 

Deflection? = + 339-94 

Time of 100 revolutions «=T = 14-464 

ProductTS = 4916-90 

Eesistance at time of experiment oo s= 101-28 

T&p = 497975* 

Three other experiments were made on June 23rd. The result of the four 
experiments was as follows : — 

. 1st experiment. Positive rotation ... .T.^..r= 4979-75 

2nd „ Negative T.^.a? .... =5071*18 

3rd „ Positive T.a.A'= 5093-35 

4th „ Negative T.^.a7 .... =5007-66 

Mean Positive result 5036-55 

Mean Negative result =5039-42 

Mean result of June 23rd 5037*98 

Mean result of June 19th 5075-77 

Mean result of June 16th 504618 

Mean of three days 5053-32 

It will be observed that the mean results of each day are more concordant 
than the individual experiments made on the same day. The errors, there- 
fore, which we have hitherto been unable to get rid of are not of a kind 
which would have the effect of making the result depend on the arrange- 
ments adopted on the day of experiment, but are rather such as would de- 
stroy one another in any long series of experiments. 

Dividing N by the number just found, we get for the resistance called 100 
provisionally, 

106493470+61100=10655470, 

the second term being the correction for self-induction and for scale-reading. 
Since the coil of German silver, marked June 4th, was called provisionally 
101, we find as the result of the experiments for the resistance of " June 4 " 
in absolute measure « 

107620116 metres per second. 

Knowing the absolute resistance of " June 4," we may construct coils of 
given resistance by known methods. 
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m ents, and with the specific gravity used respectively by Dr. Sici 
Matthiessen. 

Definition. 

1. Mercury unit according to Ricmens's Btnndnrd issiud in 

1864. Bp. gr. mercury assumed at 13-557 

2. Mercury unit according to Siemens's experiments made for 

1864 standard, but assuming sp. gr. mercury at 13-505*. 

3. Mercury unit according to Dr. Matthiessen's experiments. 

8p. gr. mercury assumed at 13-557 

4. Mercury unit according to Dr. Matthiessen's experiments. 

Sp. gr. mercury assumed at 13-595 

6. Mercury unit according to one set of coils exhibited in 1862 

by Dr. Siemens (Berlin) 

6. Mercury unit according to a second set of coils exhibited in 
1862 by Dr. Siemens (London) 

Dr. Matthiessen considers No. 4 the true value, while Dr. f 
ports No 1. The Committee do not desire to express any opi 
subject, but only to draw attention to the great discrepancies 
the apparently simple definition of the mercury unit (first propo 
Davy). Even now it cannot be said that a trustworthy standai 
to the definition, exists. 

The Committee have little to report concerning the standarc 
for the measurement of currents, quantity, capacity, or electrc 
The drawings for a standard galvanometer and electro-dynan 
been begun. An electro-dynamometer, suitable for general u 
constructed by Professor W. Thomson, and experiments are 
with it. 

Professor Thomson has also had some fine apparatus made for 
ment of electrostatic phenomena and their comparison with el< 
measurements ; but it will be best to describe the instruments " 
periments have been completed. 

Dr. jQule has made some preliminary experiments with the * 
termine the mechanical equivalent of the unit of heat by electr 

Thus, although the Committee have not accomplished all tha 
they feel that such progress is being made as will justify their re 

They have received assurances that the British -Association s] 
will be readily adopted in this kingdom, in India, Australia, t 
They believe that it will be accepted in America and in mar 
of the world. 

Prom Prance no response has yet been obtained. 

The Committee wish to express their sincere regret at the de 
their members, Dr. Esselbach. He had made valuable experii 
electromotive force of various chemical combinations, and hac 
communicate them to the Committee ; but their record is now 

Before concluding, the Committee have to thank Mr. Charl 
the efficient assistance he has afforded, both in the deteimi] 
resistance unit and in Dr. Matthiessen's researches. 

^ * This is the mean of the Talues given by Kopp, Eegnault, and Balfcu: 
discrepancy between the two values is far greater than could be due to a: 
to ^ r<efe^ce ^ the epepific gravity to water at 0° and at maximum den 
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007W7 



0-6832 

01675 
1-000 



O-03737 
003757 



0-3620 
0-3S14 
0-4072 



0-53 



0005307 ' Cftlculated from tie B. A. m 



_ . t made ; ratio be- 

tween SiemeDs (BsFlin) and Ja- 
cob! taken from Weber's ' Gul- 

/Messurenient taken from a deter- 
mination in 1862 of a standanl 
sent t)}! ProF. Thonison ; does not 
agree with Weber'a own nieoaure- 
ment of Siamene's units ; by We- 
berl Siemene'a unit- 1025 x IC 

fMeosurement taken from threecoili 



i62 by Measrs. Siamena, 

, [ Haleke & Co. (well (sdjuated). 
r Measurement taken from coils exU,- 
bit«d in 1862bj Mexsra. Siemena, 
Halake & Co. (weU adjusted). 

Equal to 10,000,000 ^^^, ao- 
cording to eiperimeDts of Stand- 



0-1613 
0-1700 
01815 
02365 
0*457 
I'OOO 






> «jk I >. -• . . 
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[^peirpi:^ 4-? — Beseription of a further Expenmental measurement of Electrical 
'Re^istqnpe made at Kill's College. By Prof. T. G. Maxweli. and Mr. 
FuBEKiNa Jenkik, with the aasiatance of Mr. Chables Hockik, 

KB method employed iij these experiments has been fully described in Ap- 
}ndix D to the Eeport of 1863. In the new experiments the elements of 
le calculation were varied as mnch as possible ; fresh wire was wound on 
le expenmental coils ; observations were made with velocities differing 
idely from one another. Fresh measurements were made of all the cor- 
ctions required^ and greater precautions were taken to avoid local disturb- 
ices, 

n, the number of windings, was .... 313. 

I, the effective length of the wire . . 311-118 metres. 
the mean circumference , . . 0*993987 metre. 

a, the mean radius 0*158194 

6, the breadth of each coil 04841 

2b, the disfiance from centre to centre 

of each coH . , 0-03851 

(9, the depth of the layers 001608 

The weight of the wire and silk 110 oz. 8 dwt. 

log sin' a= 1-9624955. 

B^ the distance from the mirror to the scale.; 2212 millims. in &ome 
experiments, 2116 millims. in others. 
T\xe following Table gives the result of the experiments, and the con^r 
jlson with those of 1863. 






if 
it 



Time of XOO 
evolutions, in 
secoud|9. 



17-54 

17-58 

77-62 

76-17 

68-97 

54-^ 

41-70 

41-79 

54-07 

63-78 

17-697 

17-783 

17-81 

17-78 

17-01 

16-89 

21-35 

21-38 

21-362 

21-643 

11-247 

16-737 



Values found for 
coil in tenns of 
JO' for each expe- 
riment. 



4-7201 
4*6014 
4-8848 
4-4871 
4-6607 

40270 
40275 
4-64€6 
46146 
4*6iQ8 
4-7813 
46452 
4-7489 
4*7607 
4-6187 
4-6884 
4-6727 
4 0526 
4-7134 
4*8058 
4-68C5 



Value of B.A. unit in 



terms of 10'- 



metre 



seconds 
^s calculated from 
each experiment. 



10121 
0-9836 
104C8 
0-9613 
0-9985 
0-9998 
09915 
09936 
0'99()1 
09886 
0-0878 
10136 
0-9952 
1^0174 
10191 
1-9895 
1-0034 
1-COll 
0-GCG8 
1C096 
10424 
00707 



Value from 
mean of each 
pair of expe- 
riments. ■ 



} 



09978 
10040 
0-9902 
0-n925 
0-9924 
10C07 
1C0G3 
10043 
1CC22 
10C40 
0CC81 



Percentage 
error from 
mean -value. 



-0-22 
+0-40 
-0-08 
-0-75 
-0-7G 
-fO-07 
+0-63 
+0-43 
+022 
+0-40 
-0-19 



Probable error of E (1864)= 0-1 per cent. 
Probable error of Jt (1863)=0-24 per cent. 
pifferepce ift two vslnes 1864 and 1863?= 0-1 6 per cent. 
Probable error of two experiments =0-08 per cent. 

\1 
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In contracting the standard coil, in consideration of the much great 
range of velocities used in 1864, the 1864 mean value was allowed to ha 
five times the weight of the mean value ohtained in 1863. 

Appendix B. — Oa the Electrical Permanency of MetaU an^ AUoys. 

By A. MATiniESSBN, FM^, 

In Appendix A of the Report of your Committee of last year, I gave I 
results of some experiments made to test the electrical permanency of so 
metals and alloys. On August 5 of this year I re-tcsted them, and give 
results in the following Table, taking the conducting power of No. 15=100- 
as was done in last year's Report. 





May 9, 
1862. 


T. 


June 14, 
1863. 


T. 


Aug. 5, 
1864. 


1 


1. Silver : hard-drawn .... 

2. Silver : annealed 

3. Silver : hard-drawn .... 

4. Silver : annealed 

5. Copper : hard-drawn .... 

6. Copper : annealed 

7. Copper : hard-drawn .... 

8. Copper : annealed 

9. Gold : hard-drawn 

10. Gold : annealed 

11. Gold : hard-dravm 

12. Gold : annealed 

13. Platinum : hard-drawn . . 

14. Platinum : hard-drawn . . 
16. Gold-silver alloy: hard- 
drawn 


100-00 
100-00 
100-00 
10000 
100-00 
100-00 
100-00 
100-00 
100-00 
100-00 
100-00 
100-00 
100-00 
10000 

10000 

100-00 
100-00 
10000 
100-00 


20-2 
20-2 
20-2 
20-2 
201 
201 
200 
200 
20-0 
20-0 
20-0 
200 
200 
20-0 

20-0 

19-9 

20-3 

20-3 

• • 


103-916 
99-947 
102-807 
100-031 
100-248 
100-015 
100-149 

100-046 
100-062 
99-869 
99-877 
99-961 
99-999 

100-000 

99-963 
100162 
100-146 
100-217 


20-0 
20-1 
20-2 
20-0 
20-2 
200 
19-8 

20-2 
20-0 
20-2 
20-3 
20-2 
20-2 

20-2 

20-3 
20-0 
20-0 
20-2 


104-397 
100-013 
103-655 
100-048 
100-276 
100-010 
100-200 

100000 
99-960 
99-937 
99-960 
99-989 

100-008 

100-000 

99-996 
100-135 
100-162 
100193 


2 
2 

2 

2 


16. Gold-silver alloy: hard- 

drawn ^ . . . 

17. German silver: annealed. 

18. German silver : annealed. 

19. German silver : annealed. 



From the above it will be seen that the following wires have not sei 
altered in their conducting power during the space of two years : — 



No. 
2. 


May9, 
1862. 


June 14, 
1863. 


August 5, 
1864. 


Maximum dif- 
ference corre- 
sponds to. 


100-00 


99-911 


99-977 


&-25 


4. 


10000 


99-969 


99-076 


0-10 


6. 


10000 


99-979 


100010 


0-05 


9. 


10000 


100-117 


100-072 


0-30 


10. 


100-00 


100-062 


100-032 


0-20 


*11. 


10000 


99-941 


99-937 


0-15 


*12. 


100-00 


99-985 


99-900 


010 


13. 


100-00 


100-023 


100061 


015 


14. 


10000 


100071 


100-044 


0-20 


15. 


100-00 


100-000 


100000 




16- 


100-00 


99-963 


99-996 





* \l^1hout takine into consideration the corrections due to temperature, I plai 
n Biport these two wires with those whose conducting powers had changed. 



All the values have heen rednced to the first observed temperature, as-- 
Buming that all pure metals vary in conducting power alike with tempe- 
rature. The correction made was the addition or subtraction of 0*036 for 
each O^'l, which number corresponds to the correction of conducting power 
£or temperature at 20°. "No correction has been made in the cases of No. 15 
and 16, for it is so small that it may be neglected, being about 0*006 for 
each O""-!. 

Ab stated in last year's Keport, the diflPerences may be considered due to 
temperature ; for, as there explained, a difference in the temperature of the 
wire and the bath might well eidst, and we find in most cases a difference 
in the conducting power corresponding to 0°*1 to 0°*2. 

It is interesting to find that hard-drawn silver and copper wires become 
l^artially annealed by age, at least the increment in the conducting power 
"Woiild indicate such to be the case. In the case of silver, a decided incre- 
Mat will be observed. 

"So. 89 copper, annealed, has altered so much, that there can be no doubt 
jbit it was badly soldered. 

With regard to the alteration observed with the German-silver wires, it 
^y here again be stated that it is not to be assumed that all wires of this 
' fHoy will alter in like manner. An example of this has lately come to my 
notice. About two years ago I made a coil of the gold-silver aUoy, which 
was compared with one of Prof. Thomson's German-silver coils ; and having 
tiiem still in my possession, they have now been re-compared, with the fol- 
lowing results :— - 

July 8th, 1862. Besistance of Thomson's coil being 1 at 18^*4, that of 
the gold-silver coil was -88445 at 18°*4. 

August 6, 1864. Resistance of Thomson's coil being 1 at 18°*4, that of 
the gold-silver coil was •88447 at 18°*4. 

It is worthy of remark that the first comparison was made by Dr. C. Yogt, 
ihe last by Mr, C. Hookin, and with entirely different apparatus, showing 
that different observers with different apparatus obtain absolutely the same 
Ksults when they take great care in making the observations. 

The above proves that the conducting power of all specimens of Gcrman- 
nhrer wire does not alter by age. Further experiments are being made on 

I this subiect, and in the course of a year or so we shall be able to say how 
&r Geman silver may be trusted for making resistance coUs. 
ApFENnix C. — On the JReproduction of Electrical Standards hy Chemical Means, 
By A. Matthiessen, F,R,S,, and C. Hockin, Fellow of St, JoTin^s College, 
Cambridge, 

Havikg been requested by your Committee to make some experiments with 
the view of discovering the best method of reproducing a unit of electrical 
resiBtance by chemical means, we have carried out the research of which we 
now propose to give the results. 

The experiments have been made with unusual care. It is important to 
point out the degree of precaution that has been taken to insure trustworthy 
results. The care taken in these experiments may be called great care as 
opposed to ordinary care on the one hand and thorough care o»i the other. 
By ordinary care is meant the care usually taken in scientific research, where 
no extraordinary precautions are had recourse to. The sort of accuracy 
obtained when a unit is reproduced with ordinary care may be seen by 
reference to former results. For instance, in the determination of the con- 
ducting power of mercury, described in * Phil. Trans. ' lesvill^ \?q.x^ Oc?^^\3aa^ 



In constructing the M 
range of velocities 
five times the weight 

Appendix B. 



Xn Appendix A of 
roiiults of somo ex] 
motak and alloy's. 
reaulta in tho follawing Ti 
OS was douo in Inst yearVli 



I .Silver bard-diawii 
3 Silver mmeoled. 

3 Silrer hard-drawn 

4 Silver umealed, 

5 Copper: hard-drawn 

6 Copper: aouealed 

7. Ooppc : liard-diMv 

8. Ooppur: Bimiali.il 

9. Gold : Imrd-drawii 

10. Gold : annealed 

11. Gold : hard-drawn 
13. Goid: annealed 

13. Platinum : liard-drawn , . 

14. PlaUnuni : liard-drawa . 

15. Gold-flUver alloy ; hard- 

drawn 

to. Gold-silver alloj : hard- 
drawn 

17. Oerman ^yer: annealed. 

18. German silver : annealed, 
ID. OtirniHn silver : annealed. 

From the ahove it will, ba q 
altered in tiieir condnodlig p 




No. 


» 


■?.. 


lOO'OO 


4 


lOOKM 


11. 


lOO'OO 


» 


10000 


in. 


100-00 


*ll 


100-00 


'K 


100-00 


13 


100-00 


14. 


]00^)o 


I.'i 


100-00 


id- 


100-00 



» Williout taking Into considatl 
>t ycor'a Beport tbeec two w 



Mtion of the block B is given in flg, 3, a U a 

pthe rod b, with the platinum point d, ii-j.a be de- 

mtactwith the wire of tho bridge. Whea the pres- 

jved the spring e hfts the handle and breaka the oon- 

ttwire ia screwed in between the metal plates/ and ff. 

i between the knob A and tho handle prevented any 

^ ' To the top of the block was flsed a piece of brass 

a pointer. A lens also was fastened to the handle 

n tke scale. The body of tho block was of 

Sat the topattd bottom. The block ran on a tram- 

i and ■wire of the balaaoe. 

A mercury eupa is giren at fig. 2. At the bottom of 
I ia placed an amalgamated copper plate, and 
i the cup ; the plate is held down by the wooden 
\ kept in its place by the pin r s. This plug fits tho 
(ced with two or more holes for the terminals to pasa 
tee propped up with wedges, when placed under the 
I balance, that theao might press firmly against the 

It and L had a resistance of about 20 metres of the 
Careful measures were made of the resistance of 
Wktit different points in order to find if there were any 
■j this was done by putting the coils S, and L in their 
■ the resistance of one of them by means of a short 
t of this wire was to flhift the zero-poiut. Two 
ble tenth per cent., were then placed in the centre of 
B reading taken ; these coils were then reversed aad 

9 of the circuit from tho point B to B' when tho 
B the change in the zero-point caused by the insortion 
■ montionod, and x the ditfereace of a pair of readings, 
JfesAd in millimetres of the wire A A', and lengths ex- 
I^Of the scale ; then the resistance of a millimetre of 
mt about the zero-point ia 

. (1-6 2 



ion was found for different points from one end 
md did not vary more than two or three tenths 
It not considerable enough to aft'ect the results obtained 

1 K. was thus found. It was ])lai;cid in tho mercury 

lioapa m^, «», wore joined by a stout copper bar. Two 

jeistanoe of which was known, wuro placed in the two 

lading taken. 

^f£ two centre coilH, x the reading of scale, which was 

fi-f 1- the resistance of the circuit from B' to the point 
bid of the scale nearest to B., ^is. A! , l "ske tuintoft"^- ' 
Sber side of the instrument. 



Then clearly 
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R + r+o? 



a 



iJ^lOOO—x'^h 



or 



a 



R+r=p(Z+1000-a?) 





— 0?. 



The readings are given in the following Table : — 



Batio of ~. 




• 

Beading. 


Value ofR+r. 


Value of R+r. 


24:1 


120-5 


20987+24Z 


21215 


26:1 


186-5 


20964 +26Z 


21210 


29:1 


269 


20930 +29Z 


21205 


34:1 


375 


20875 +34Z 


211-97 


36:1 


409 


20867 +36Z 


21208 


37:1 


425-25 


20841 +37? 


21192 


39:1 


454-25 


20830+39? 


21201 


42:1 


493-25 


20790 +42Z 


21188 


47:1 


547-25 


20732+47? 


21177 


55:1 


613 " 


20672+55? 


21193 


60:1 


645-25 


20625 + 60? 


21194 


68:1 


688 


20528 + 68? 


21173 


76:1 


720-75 


20483+76? 


21203 



Zero-point was at 516. 

Resistance of half length of circuit is 21712 millimetres of wire. 

All these values are within necessary errors of observation. The first few 
values are most to be relied on, as the values of r+R depend neaiiy directly 
on 1000 -r. 

So many measurements were made in order to find whether the wire 
tapered towards either end. The similarity of the values found for R+r 
shows this better, perhaps, than the direct method before described. 

A set of similar measurements were made with the coil L in the left-hand 
mercury cups, and equally good results obtained. 

The galvanometer employed was one of Thomson's reflecting galvano- 
meters, made by Messrs. Elliott Brothers. A short coil was employed. 
The instrument was placed in a deal box, blackened inside, with large aper- 
tures to observe through. The spot of light could thus be clearly seen, and 
the divisions of the scale were sufficiently illuminated to enable the observer 
to see immediately in which direction the spot of light moved. The instru- 
ment was sufficiently delicate to show 0*001 per cent, difibrence in the ratio 
of any two nearly equal conductors compared, corresponding to ^L. millim. 
on scale of bridge. 

An ordinary galvanometer was also at hand to find about the place of 
reading on the scale. 

The balance employed for weighing was by Liebrich of Giessen, and would 
weigh to ^ of a milligramme with accuracy. The weights were adjusted 
by Oertling, and again tested by weighing them against the largest weight 
(50 grms.). Mr. Ualfour Stewart was kind enough to test this weight, and 
found its value to be exactly 50*000 grms. All weighings made in this 
^arch were double weighings. 





. & WIS foniiakBd nth. a. 'r^aaer '.turvtSK ^ 'tieatMya. ttw ifrr 
dtniK&ccd honzootailT be&}r» a windowi tlH cudft^ bwt^ ciaimMtd to 

it^L'jiie nDHaed ilowinftinis, tmk tJle mte»~ to 1M Ewwii):^ wwa lu<l 

m iscd '^jeiflw die inatramutt. 

'-ilia ipcBnara sLeasmcmfnts <.'uuld b6 T^all<^ uhUi the gt^iUi^ tyo^ 

1 ^ '^' a millimMie. the roietrcuiN iMiiig sul8ufuitiy ]>iM'«ift4; ta)^ 

Lh. ffitailfr lengths tbuii tiii^. 

^ aiiiBtited ro Mr. B. 'iiowan ibc- inettt>uj'ii)$ tiio tuiijiiA i>£ tii» ijis*. 



Mn^ y^pBtii ami Zambia. L'»niJ wn* JiviiiW W. ;^ uS i^ itas*«fO V^4fr- 

_ iil^i H iii n mlyth»terti»Y ^iig. I >iiwl (*«*»**« tu* lWw<Mfr?r 

n» imiiaiuiw^ s% vfaplwl Kv«ufw it w-nM ^Mw) t)M> U^sv^^^ 

--- ■ « Oe-wiiB ud altered iWv >wiw»i*wv*>, »* \kM« *V'i' WwS 

' to thv i»etK<>B (vf a tH|\ti<.t. I'W ^MiW 9J H^ 

od ky i¥fw*»c* li' ftS' ^• 

^Bkt win to be terted. « &, v^s »>ltU''R4 at kla v4»U tvt r*^(>tifW; twto^ M| a f ■ 
nto<«diofllMse)nrs««sU|^a|>ifoe t>f y:t(M> luluitK, a« »/ t)«l^i9 tWfWli 
nn Cuteocd to tbe coi^ter haw hy imlia-iul'twi iHliins- Thw wiw. \V^(^ 
fa eonnexiaas, w then placed in Ino lur(p> tHuw tube .V H- '\'^w \m^ vf 
*/ was then fastened to Uii'bMitliitieCl': OK l>y imiiamliWc HtVinK. 
ends of ttie terminnls a e wtMV l)i>iili)n out Hut unit 4iki)ul^^H^<tlrH< 

It lubes were nearly fillwl with mevciir) , »t\'\ Um IdfiiiiHttl w W w V^iW- 

Wted with the mercury cupa m',, in', of tlw iBStnimoiil tij w'lHWf t'wit* «W«r 




, The resistances of the wires wci'o Pdintiavt'ii w illi tliiHto tif ut4U pf MwWHtt 
tver, well raraished, immerBed in a cii|) «t .lil. 'rim (UBiuuvntlH'U rtf MtU ul^ 

u detannined by the small thci'iiinrnt'itir liuli'ii' ih'ai:! iliuj. 

Method of observing.— Tha wjrc-h vvv itl.i.v.i in lliu liMii^li ttUtI lliu »»»; 
Joioiis made. The wator wwt tliHi luniea on oiul i.ll.iwnl lu llii« (I'l uliimt 
fcen roinuteB. The largo thcriiwiii.U'f wtis iiliu.-il in lln- Uiiit|;ii, i.itil tlw 
■tnperaturo was read oif by lufaris uf a. U'lia iilim^il bh ;i3 i^> r\\<'i\l nil t'lluF 
^ paralla-T. The BmaU gulvanomcU' wuu llu'U wiliit^L.lca ttlUt I|tu ulDvMiO 

.lance, and the ap2)ruximate reading fijuud. 

The large galvanometer wa« next coniJuut«d, and Hiu liiuit l(uitij)u (1CPM;4 
t-wn until any thermal curreut tbul exisUid Uad ouuh^ii lui cauBu Llio Hffilltt 
' the galvanometer to ostillaU-. The battory vauUt^l wan tliuw maiio f'-r «H 
•tant with the foot. 'ITie (tliKlit I'ipl' B'»™ ''y "'" "f''' °' .'"""^ "'' ""'"' 
iwed which way the block hiid to bo movud, wilhual' ll« b^lliS liin^WMwiy 

keep the battery on long eiiough t* ]m«.i lUo cojidocLuw auMW. 

tfoit. the window, also th^ wkc of the balauco ww plo.b.-d b> a JMCO ol" 
«4ing from tl|e heat rudiatiag fr.« tb^^^^^^ ^^ 

^h w«^;L?:s^'r!fX ^ro^wa. .b.rv.^.^...u ^ t^- 



Te mperature of ooiL 

21-6 
21-8 
21-8 
22-0 
Length 1-6187 m. 
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No. ni. 

Beading of bridge-scale. 

565 
570 
573 
572-5 
Zero-point at 514. 



\ 



Tempenioreofiiil 

20-8 I 
21 j 
21 

^^ J 
Weight 2-7151 gnd| 



Besistanco of metre-grainnie of wire No. L 1-0000 

No. XL 1-0005 
No. ni. 1-0011 



I 



99 



99 
99 



Gold, 

Three gold wires were tried. 

No. I. from Australian gold. < 
No. II. from English coin. 
No. III. from English coin. 

The metal was first dissolved in nitro-hydrochloric acid, the excea 
acid was then eyaporated off, and the salt largely dilnted with ^ata 
precipitate the chloride of silver. After filtering the gold was predpiiil 
by snLphurons acid, the precipitate collected in a small beaker, and vad 
four times with hydrochloric and nitric acid alternately. After dryinf 
was fused with borax and nitrate of potassium and cast. It was again f« 
and finally cast in the mould. 

Wire No. I. 



Temperature of coil. 

2d'-2 
20-4 
20-4 
20-8 
Length 0-8854 m. 


Beading of bridge-scale. 

849 
849-8 
851-5 
852-5 
Zero-point at 515-2. 

No. II. 


Temperature of wiif. 

18-8 
18-8 
18-9 
18-9 
Weight 2-2200 grami 


21-6 
21-6 
21-6 

21-8 
Length 0-9998 m. 


634-5 
638 
638 
638 
Zero-point at 515-2. 

No. III. 


20-2 
20-3 
20-3 
20-3 
Weight 2-9021 gram 


19-8 
20-1 
20-5 
20-8 
Length 1-0211 m. 


782 
788 
784-6 
797 
Zero-point at 515. 


19-2 
19-4 
19-0 
19-8 
Weight 2-9753 grai 


Eesistance of 

99 
99 


metre-gramme of wire No 

No 
No 


. L 1-0000 
. II. 0-9998 
. in. 0-9995 



With lead very good ^ 



Lead. 

e obtained. Five wires were deten 



iboudL It 

trough 
cat firaaft 
oards wilk 
compaas, 
of the 
re No. L 
iaker of 
re No. H. 
Uized. Tbis 
rcNo. HL 
re No. IV. 
re Na V. 
red by 



il WHS MeemiltMi ;t 
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IHie So. L 



smpentme of eafl. 

18-1 
18-2 
18-3 
18-4 
3ngth 0-4907 



16-4 
16-4 
180 
18-1 
ength 0-5100 m. 



17-0 
17-0 
17-2 
17-4' 
^ngth 0-4910 m. 



17-2 
17-6 
17-7 

17-8 
^ngth 488-2 m. 



18-8 
18-8 
19-1 
19-6 
.ength 0-4915 m. 



Zefo-poiiit at 514^ 

Xo.IL 

855 

807 
869 
869 
Zao-point at 514-5. 

Ko.m. 

746 
748 
748 
748 
Zero-pcnnt at 516. 

Ko.IV, 

525 

529 
530 
535 

Zero-point at 515-2. 

No.V. 

628 
628 
634 
640 
Zero-point at 5l5-5« 



of vita. 

17-5 
17-S 
17-6 
17-6 
Weight 2H>6^ gnuBunea. 

171 
17-5 
17-6 
17-6 
Wdght 2-1320 grammes. 



I 



161 
16-2 
16-2 
16-3 
Weight 1-9883 gramme. 



I 



I 



15-3 
15-3 
15-3 
15-4 
Weight 1-9991 gramme. 



17-8 
17-8 
lS-0 
18-2 
Weight 2*0253 grammos. 
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To calibrate a tabe it was taken and carefully cleaned with pure nitric add, 
and then with a solution of caustic potash. It was then well rinsed wA 
distilled water, and dried by passing a current of hot air through a chloride- 
of-calcium bulb and then through the tube. A small column of mercoiy 
was put in the tube, and the length of column measured by the beam-ooni'^ 
pass. The column was shifted along the tube by sucking up or blowing 
through an india-rubber tube with a chloride-of-calcium tube inserted be- 
tween it and the tube to be calibrated. By this arrangement the colanml 
could be adjusted with the greatest nicety to the place in the tube required.^ 
The lengths of the column were taken at equal intervals from one end of the, 
tube to the other. The formula for correction used is given below. 

Let C be conducting power of a tube of uniform bore and of length, ca-» 
pacity equal to that of tube considered; C observed conducting power. 
Then 

where n is the number of measurements made, \ the length of the column of 
mercury in any position^ the summation extending to all the readings 
taken. 

The ends of the tubes were ground by putting some emery powder and 
naptha on a slate table, holding the tube vertically upright with the left hand, 
and with the right hand rubbing the end of the tube in contact with the 
table round the circumference of a small circle. Thus the end of the tabe 
was made slightly convex, the opening being at the apex of the convexity. 
To measure the tubes they were placed under the beam-compass, and a stout 
pin inserted partially into each end. 

From the shape of the ends of the tube, the point where the pin emerged 
from the tube could be exactly seen and the measurement made with cer- 
tainty. Many measurements were mode turning the tube round its axis through 
a small angle before each measurement, and the mean of the lengths found 
taken for the true length. To find the weight of the tube full of mercury it 
was carefully cleaned, filled with mercury, and placed in a long narrow 
trough full of pure mercury. The tube was held down by iron weights, a 
thermometer inserted in the trough, and the apparatus allowed to stand until 
the temperature was constant. After the true temperature had been obtained 
the tube was taken out of the trough and the contents weighed. 

This was managed in the following manner. One operator took hold of 
the tube by pressing a finger against each end and lifting from the trough ; 
the little globules adhering to the outside of the tube were then rapidly re- 
moved by two assistants with brushes. 

The mercury was then allowed to flow slowly out into a small porcelain 
crucible and weighed. In this way pretty consistent results were obtained 
if the tubes were cleaned before each filling. 

To determine the resistance of the tubes they were placed in the water 
trough, with bent pieces of tubing fastened on to the ends with india-rubbei 
tubing and reaching above the surface of the water. 

The terminals were of copper, well amalgamated. They dipped into the 
bent tubes and came flat against the ends of the tubes the resistance of whicli 
was to be determined. In the calculation of the weight of mercury at 0° ir 
the tube from the observed weight, Eegnault's value for the expansion waj 



129 

mexions of amalgamated platinum were first used, but did not give 
results. It was found that the amalgamation was imperfect. The mer- 
adhering to the platinum was rubbed off against the ends of the tube, 
he resistance varied with the height of the mercury in the bent tubes. 
platinum was amalgamate^ by dipping it into a mixture of mercury 
odium amalgam. The sodium was then oxidized and dissolved off by 
ag the platinum in a little dish of water and hydrochloric acid. - The 
nal was then drawn through a dish of clean mercury, so that the 
r floated off. The platinum was then for the'; time beautifully amal- 
ted; but the mercury soon drained off when the plate was exposed to 
ir, and oould be easily rubbed off even when the platinum was immersed 
ercury. 

Tube No. L 



Tempefature of coiL 


Beading of 
bridge-scale. 


Temperature of wi 


181 




3460 


18-2 


18-4 




349-2 


18-6 


18-4 




349-2 


18-8 


18-8 




348-0 


18-0 


o 


grms. 


Zero-point 515 


Length 0-9365 m 


, temp. 19*6 . . . 


. 24-7021 


X 




21»0 . . , 


;■ 24-6930 






20-8 .., 


. 24-6950 






I. reduced to 2P :- 


24-6958 
24-6930 








24-6940 








Tube No. II, 




19-6 




188-0 


19-0 


19-9 




186-8 


19-05 


20-0 




186-5 


19-1 


20-0 




186-5 


19-1 


. ^ 


gmiR. 




Length 0-6563 m. 


;. at 21-2 ....... 


.. 12*3140 






„ 21-6 


.. 12-3132 








Tube No. m. 




190 




633-5 


18-9 


19-0 




633-1 


18-8 


19-1 


% 


631-7 


18-8 


19-15 




631-3 


18-8 


• 


gnns. 




Length 0-5497 m. 


, at 22-2 


. .. 8-2894 






1 wVV mm^^ ^m ••••■*■ 

., 22-2 


... 8-2836 


• 



130 

Mesults» 

Resistance of tube No. I. 1-00000 
„ „ No. II. 0-99849 

„ „ No. III. 1-00000 

An approximate table is sul^joined of the resistances of a metre-grami 
of the dinerent metaJs in terms of the B. A. unit, 1864 : — 

Copper 0-1469 

Silver 0-1682 

Gold 0-4150 , 

Gold-silver alloy 1-668 

Lead 2-257 

Mercury 13-06 

From the foregoing results we may draw these conclusions : — 

That with great care a unit may be reproduced with great accuracy 

any of the metals or alloys above mentioned. 

Of those tested it appears that lead is the most preferable on acconni 

its easy purification, and because the presence of impurities, amounting 

several per cent., produce no very disproportionate effect on its conduct 

power. For instance— 

Conducting power of lead is ».*............, i 7-77 

Of lead with 12-7 per cent, volume of tin is .,. 8-13 

„ ] 0-6 „ „ cadmium ...... 8-38 

„ 2-3 „ „ bismuth 7*0 

„ 3-8 „ „ antimony .... 7*1 

„ 2-3 „ „ silver 7-9 

With the other metals and alloys tested a much greater difference is fo 
in the conducting power when such impurity exists. 
A few examples will show this. 

The conducting power of pure copper is 100 

Of copper with 1-6 per cent, in volume of silver , 65 

Of silver with 1-2 „ „ gold ..,.,. 59 

Pure silver being taken as 100. 

Of gold with 1-2 per cent, of silver 73*8 

The conducting power of pure gold being 78. 

If the conducting power of mercury is 10-9 

That of mercuiy with 1-18 per cent, volume of lead is . . 11-5 

1-8 „ „ tin 11-8 

1-8 „ „ zinc .... 12-4 

0-7 „ „ gold.... 11-6 

1-2 „ „ silver , , 11-6 

The manipulation with lead is rendered easier by its high resistance. 

Mercury is easily purified, and good results are always obtained ^ 
it. It would, however, in reproducing a unit, be necessary to distill 
mercury, because traces of such impurities as silver and gold, which 
*«Bly get into it when in. use in a laboratory, ^annot-be removed by ti 
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mt with nitric acid. The chief labour is in selecting and calibrating the 

bes, and this is very groat. 

The results obtained with the gold-sUver alloy, even when prepared by 

ferent persons, supposing great care used, give very accordant results ; 

d for the easiness with which it can be made it may be recommended for 

oducing a unit. 

Ulectrotype copper would appear a good substance. The agreement of 

ivlta obtsoned with commercial electrotype copper with those obtained 

th copper prepared from pure salts shows this. 

The maximum dijQference of the conducting powers of electrotype copper, 

observed with ordinary care, is 1*6 per cent. Copper is not, however, to 

preferred, as great care and some practice is necessary to draw a good 
re. 

The purification and drawing of pure gold and silver would, in the hands 
any one but a chemist, lead to no good results, in all probability. These 
3ts being considered, we should prefer lead for the reproduction of a unit. , 
) doubt it would be well to use two or three substances to check the results. 
vr these auxiliary substances mercury and the gold-silver alloy may be re- 
mmended. The choice between these two will depend on the appliances 

the individual observer. When thorough care is taken all the above 
)ans are equally good. 

On forming an opinion on the difficulty of reproducing a unit by chemical 
3anB it must be remembered that if any thing like accuracy is wished for, 
t only expensive and delicate apparatus is required, but also very much time 
ist be spent, and a great deal of experience in the manipulation is required, 
le experiments here described extended over about six months. Any 
rson wishing to reproduce a unit should bear these considerations in mind, 
)eciaU7 as it is the intention of your Committee to cause coUs to be issued 
)re8enting a known resistance. That copies of a given resistance can be 
ide to a much greater accuracy than that to be obtained by chemical or 
ler known means of reproduction, and that coils can be compared by dif- 
ent observers with different apparatus to almost any degree of accuracy 
though this fact has been brought into question by a former experimenter), 
proved by thd following facts. 

The two units which have come into our hands, made by Messrs. Siemens 
i Halske from copies of the coil used last year by your Committee for the 
}ermination of the absolute unit, were compared against the standard coil 
i found to agree with it within two-hundredths per cent. Again, copies of 
eber's unit, one made of the gold-silver alloy, the other of German silver, 
re compared at the interval of two years by different observers with dif- 
ent apparatus, and the results found to agree to one half a hundreth per 
it. 

It is from the fact that copies can be produced with almost absolute 
suracy, with a minimum of cost and labour as compared with chemical or 
ichanical means of reproduction, that we seem quite justified in recom- 
mding all who wish to obtain a standard to procure a copy of the British- 
eociation unit, or any other in general use. As copies of lie British-Assor 
ition unit are being sold at a reasonable price by several of the leading 
Btrument makers, which, we are given to understand, will agree together 
TV closely, we confidently recommend the adoption of this unit. 
And, in eonohigioki, we still adhere to the opinion, given in Appendix C of 
IS Beport of 1862, that the best means of reproducing a unit, for those 
ho ha?« sot thi opportunity df procuring a copy, and who canTvot^ibt!i^X\^ 

^'1 
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time and espenso nccosaary to reproduce the unit with great care,BfeiH 
cure a giren leagth aod weight of the gold-silver alloy. Bach bs shalltf 
been found equal to the unit adopted (the quantity required being H 
nearly 05995 of a metre of a wire, one metre iu length of which ir 
weigh o gmmme) for the British-Dissociation unit. 



FOURTH REPOET— BIRMINGHAM, SEPTEMBER 0, 1865. 

Members op thb Cokmittee; — Professor Williarason, Professor Whffll 
Professor W, Thomson, Professor Miller, Dr. A. MatthiesMB, 
Eloeming Jenkin, Sir Charles Bright, Professor Maiwell, Mr. 
Siemens, Mr. Balfour Stewart, Dr. Joule, and Mr. C. F. Varley, 

The Committee has the pleasure of reporting that the object for whiiil 
were first appointed has now been accomplished. 

The unit of electrical resistance has becu chosen and determined bjl 
exporimenta ; the standards have been prepared, and copies of these stuJ 
hare been made with the same care as was employed in adjusting llwi 
dardit themselves ; seTenteen of these copies havo been given avtj, 
sixteen have been sold. 

The chief work of the Committee this year has been done by Dr. A. 1 
thiessen.^ Last year's Report annnunced the completion of the expo' 
dotermining the resistance in absolute measure of a. certain coil of Oi 
silver wire. Taking this coil as the basis, Dr. Matthiesaen, as^^isted byH 
Hoekin, prepared ten standards, each expressing the British-Assoclatiiia 
of electrical resistance; two of these standards are coils of platioiUB' 
two nro of platinum -silver alloy, two are coils of wire drawn from ■ f, 
iilvur alloy, two are coils of wire drawn from a platinum -iridium alloy, 
tho remaining two are tubes of mercury. 

The wires employed in the coils arc from 0-5 millim. to 0-8 millin. 
meter, and range from one to two metres in length. They are insidat^ 
rn,ilh»ii*]'- '■°,^''"'''^I'*""''''^''"«'''*"'*^l^«^f»>" Of brass. Tlie* 
S^ ^i1, ;^% '"/"^"^ f?""^"' '^"'^ o^^io^^d in a thin brasa case, which ill 

a-he mercury standards consi^ o7 two .10^^?! T'\"T "^ ''""^ 
inolro in lonKth. ^^"^ '"o^s about three -ijnannn 

Thi«o ten otandarda are cqiiid to our nr.M\, 
Mid 10";; C. '" "" " '"be, ana lying bcliral 

Nono of thom, when correct diffn,. _ 
,to .1 1 5"-5 C. ■ ''*'" °>°" »,» 0-03 pre cent, tm 

In tho Choicu of tllf f -r^; , , 



hil 

:: 
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>ininittee have been much assisted by the experiments on permanency made 
T Br. Matthiessen. 

Silver and copper were fonnd to alter in their resistance simply by age. 
erman silver was also found to alter in some cases. 

These materials had therefore to be rejected. Gold appears constant ; but 
ving to its low specific resistance a considerable length would have been 
t^uired, unless a wire had been adopted of very small diameter. This was 
>! thought desirable^ for several reasons : any slight decay or injury in the 
LT&ce of a small wire would cause much greater alteration in the resistance 
L«n the same injury to a large wire ; a small wire would be more liable to 
echanical injury, and would be much more rapidly heated by the passage 
' currents. The Committee having rejected small wires for tiiese reasons, 
Lought it unnecessary to incur the expense of a large and thick gold wire. 
be great change of resistance caused by a change of temperature famished 
Lother reason for rejecting gold and other pure metals. One pair of 
Budards, however, was made of platinum, which appeared the most suitable 
' all the pure metals. Platinum and the three alloys named appear all to 
I very constant — that is to say, their resistance is not altered by age, or 
'^en by being subjected to considerable heat and recoded. 

These materials also possess considerable mechanical strength ; they are 
>t easily injured by chemical action, they have considerable specific resist- 
i.ce, and that resistance, in the case of the three alloys, changes little with 
change of temperature. 

It is of course impossible to say vrith certainty that their resistance will not 
uy with time ; but it is most unlikely that the resistance of all will vary in 
le same ratio. If, therefore, as is hoped, the eight coils made of such 
£ferent materials retain their relative values, some confidence may be felt 
. the permanence of the unit 

Some additional security is given by the power of reproducing the unit, if lost, 
r chemical means, or by fresh experiments on absolute electro-magnetic .mea- 
Oe, although neither of these means at present appear to give such perfect 
aeuracy as would be secured by the permanency of a material standard. Presh 
iBolate experiments of the kind described in previous Keports would hardly re- 
roduce the same value much within one part in a thousand; and Dr.Matthies- 
in, as appears from last year's Eeport, is not very sanguine of obtaining a better 
!8ult than this by chemical means. Thus a difference exists in Dr. Siemens's 
id Dn Matthiessen's reproduction of a unit by means of mercury, as 
linted out in last year's Report. It is of course probable that differences of 
OB kind wiU in time disappear ; and Mr. Siemens fairly points out that the 
acrepancy mentioned in last year's Report, between coils made from a very 
d and those made from a new determination of the mercury unit, affords 
> criterion of the accuracy with which mercury can now be used as a means 
'reproduction. Dr. Siemens was the first person who produced numerous 
ts of coils accurately adjusted; and although unable to recommend the 
loplion of his unit of resistance, the Committee once more take an oppor- 
nity of expressing their sense of the high value of Dr. Siemens's researches 
I the reproduction of units by means of mercury. Dr. Siemens is confident 
at a unit can be and has been reproduced by means of mercury with an 
curacy of 0'06 per cent. ; but, meanwhile, the chief security for the per- 
uiency of the unit consists in the preservation of standards constructed in 
rious ways and of various materials. 

The mercury tubes furnish an additional security. A molecular change 
Ely occur in tiie wires, that is to say, they may become of harder or softer 
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temper; they may bo injorod cliemically in ooufbo of time by Bome action ai 
their surface ; it is just possible that the repeated passage of currents nuf 
alter them in some way, although wo have no reason as yet to expect m 
an alteration. 

Mercury is free from all tHose objections. Ita temper cannot yary, aitdai 
it would be purified afresh on each occasion, it will be chemically uninjaiei 

On the other hand, some fresh dangers may occur in its nae. The tite 
themselves may alter in time, or the mercury may not always be absolntflkf; 
pure. Absolute security cannot be had; but the choice of a variety ot 
materials will probably prevent any serious alteration from occniring wit^ 
detection. 

The copies which have been issued are similar in form to the stUidul' 
coils ; but the terminals are simple thick copper rods, intended to be dippei 
in mercury cups. The security given by this mode of connexion is guffideal: 
for all orcUnary purposes, and it was feared that the use of the double tenid- 
nals might not be everywhere understood. The platinum-sUver alloy hai 
been used in all the copies. Wire made of this alloy is very strong aoA 
ductile. It can, for instance, be drawn down to a diameter of 0*0002 inch. Iti 
resistance is not permanently altered even by a great change of temperafciii% 
and even annealing hardly affects it. Moreover, the change in its resutaafll 
due to a variation of 1° Centigrade is at ordinary temperature only 0*032 pn 
cent., being less than that of any other alloy tested. It is also a oommerad 
alloy, which has been long used by dentists ; and Dr. Matthiessen points out, M 
a curious coincidence, that many commercial alloys coincide with proportions 
indicating peculiar electrical properties. Vide Appendix A. 

The copies of the standard have been supplied for £2 : lOs, in boxes, witk 
small mercury cups for the connexion, and with a printed direction for mt 
inside the box, stating the temperature at which that particular ooil is equal 
to 1 B.A. unit, 

A satisfactory proof of the accuracy with which these coils have been prii»' 
pared was given by four independent observations, by practical eleotridaiia 
not belonging to the Committee, of the relative value of four distinct BJL oak 
and four independent standards issued by Dr. Siemens. 

These four observations gave 10456, 10455, 10456, and 10457 as the 
measures of Siemens's standard, in terms of the B.A. units, proving the accuracy 
both of Dr. Siemens's work and that of the Committee. 

Twenty coils were to be distributed gratis, and seventeen have actually 
been given away to the following recipients : — 

The Direotora of Public Telegraphs in 

Prance. Spain. Prussia. 

Austria. Italy. Sweden and Norway. 

Belgium. Portugal. Russia. 

India. Victoria. 

Queensland. New South Wales. 

Also to Professor Kirchhoff, Dr. Joule, Professor Neumann, and Professor 
"Weber. 

Three remain for distribution. Sixteen have been sold. Dr. Faraday, on 
behalf of the Eoyal Institution, was the first purchaser. 
^ In distributing the coils, it was thought best not to give them to institu- 
tions, where they would probably have laid on a shelf useless and unknowD. 
iwit rather to distribute them widely, where they might become available tc 
il electricians. 
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^e n^ unit has been aoiually employed to express the tests of the 
ttantic Tel^iraph Cable. Mr. Yarley promises that the unit shall in future 
' the bans of the ooils used by the Electric and International Company. 
% Charles Bright promises that the unit shall be exclusively used by the 
iiaak and Irish Magnetio Telegraph Company. 

-A. standard has been supplied to the Eoyal Engineers at their request. The 
ad of the Telegraph Department in India Cas introduced the unit^ and 
ere is little doubt that the British Colonies generally will adopt it. 
Vore time will certainly be required to introduce it on the Continent. The 
ench Goreniment has taken no steps to insure its introduction; but 
Blavier, the official editor of the ^ Annales Telegraphiques/ has promised 
cordial support to the Committee. The Austrian GoTemment has pro- 
led to use the coils experimentally, and the German gentlemen to whom 
Is were given have promised to give their best assistance. 
)aila have also been bought by the managers of two large telegraphic 
iblishments in Switzerland, at Neuchatel and Zurich. There is there- 
) reason to hope that the unit may come into extensive use. 
^Then standard galvanometers, Ley den jars, and electrometers are issued, 
forming part of one coherent and necessary system, it is probable that tho 
L. unit will be found so much more useful than any other as to supplant 
m. entirely. Until these further issues take place, it will only be adopted 
ler by men who can understand the advantage given by it in calculation, or 
dlectrioianB who feel confidence in the recommendations of your Committee. 
¥iih. a view to experiments which will allow of these further issues of 
!trical units, a large eleotrodynamometer has been designed and is nearly 
iplete* Graduated Leyden jars, with air as the only dielectric, have also 
n designed and are nearly ready for use. An apparatus for the determi- 
ion of the quantity called v in Appendix C of the 1863 Beport is in the 
le condition. Prof. W. Thomson has for some time had ready apparatus 
absolute measurements of electrical effects, but his connexion with the 
antic Cable has suspended his work. Dr. Joule promises fresh measure- 
its of the mechanical coefficient of heat, and has only been delayed by 
want of experiments which other members of the Committee must pre- 
asly complete. 

ji conclusion, the Committee are at last able to report one positive result, 
; they feel that much more remains to be done. 

Appendix A. — On the Construction of the Copies of the B.A, Unit, 
By A. Matihibssbn, F.E.S., and Mr. Charles Hockik. 

B standard ooil used in the experiments at King's College, described in the 

port of your Committee for 1864, was put into our hands about last 

ristmas, in order that unit-coils representing a resistance equal to ten 

llion metres per second in Weber's electro-magnetic system might be made 

m it. 

Since that time several unit-coils have been made and issued. 

We propose to state the method by which these coils were made, and the 

isons for choosing the particular alloy which has been adopted for the con- 

3tor. The alloy referred to is composed of 66 per cent, of silver and 33 

platinum. 

rhis alloy possesses many properties which fit it for the use to which it has 

m put. 

is to its electrical properties : — 



I. It nllew less iu cleotricat resistance with dutnees of temperatnrB 
any other known alloy. 

The importance of ihis point nccda hardly to be enforced on any oi 
linH used resistance- coils. 

The inereuicDt iu the resislanc-e of tlio alloy duo to a change of tfi 
lure from 0° to 100° C. is only 3'2 per cent." 

■ II. The conducting power of the alloy is very low, and is about o 
that of (ferman ailvi-r. 

III. The conducting power of the alloy is not altered by baking, 
by CKpoeing it to a tcniperatnre of about 1.00° C. for several days. 

This is a property of groat importance, for it has been observed that 
conductJjrs which do not alter by baking, do not alter by age eitha 
experiments by which this has been establiahed have been publii 
former Itcports, 

IV. The conducting power of a wire of the alloy is little altoH 
annealing. 

Further, the alloy docs not oxidizebyexpoBure to theair; it doesnoti 
alloy with mercury ; it makes a aufBciently pliable wire, and can be ia 
a very great degree of fineness. Deutista have made considerable ai 
in consequence of its good ohcmical and mechanical properties*. 
alloy twenty unit-coils have hecn made and sent to scTeral leading 
ciana at homo and abroad. The form of bobbin adopted for putting 
wire, and shown in Plate lY. fig. 1, has been found very convenient, a 
be immersed in water during an observation. The wire is twice coal 
silk, and protected by being imbedded in solid paroiRn. 

Besides the coils already mentioned, ten unit-coils have been madcj i 
will he dciMj&ited at the Kew Observatory, ,1 

Any one possessing a copy of the S.&.. unit may have it compared ^ 
future time against one of these coils for a small payment, ■] 

Of the coils to be sent to Kew, two are of tho platinum- silver I 
two of the gold-silver alloy, two of a platinum-iridium alloy, and tl 
commercially pure platinum. Two mercury unita have also been prepaj 

With BO many coils for reference, made of sueh different metals, it am 
quite improbable that tho unit now proposed should bo lost, J 

Along with the above-mentioned coils will be preserved the standaa 
used in the experiments £rst referred to, the ceil used in the similBT d 
ments made by your Committee in 1863, and several copies of these oj 

Of the coil called "June 4th" in the Report of your Committee for 18M 
German-silver copies have been made. Of the other coil used in 1881 
Gerraan-silvcr, two gold-silver, and one platinum-silver copy have been j 

These coils have twice been recompared together at int«ryalfl ofi 
months, and will be again compared ; and if they are still foand not n 
altered, they will be deposited at tho Kew Observatory for referenOM 
values being engraved on them. J 

The method adopted to obtain the unit from the standard which ham 
certain temperature a resistance of 4'6677 B.A. units was this ; — 1 

Coilfl wore made with the following approximate resistances, viz,: J 

Two coils nearly equal to ^ imit, called ^ a and j 6. 1 

„ „ 1 unit, „ Ire „ 16, J 

One coil „ 2 units, „ 2. J 

2| units, „ 2|. I 

s iJint UiiB alloy bu benn it) nwfiH 



N^^97he*eleotrical balance used was that described in a paper on the repro- 
SMtetion of a unit by chemical means, in the Eeport of yonr Committee for 



"Vfith this instrument two conductors, differing in resistance by not more 
3 per cent., could be directly compared, and the ratio found depended on 
fH)025 per cent. 

^* iTTunerons comparisons wei% made by means of this balance between the 
'^■^lowbg sets of coils, yiz.: — 

i a was compared with | h, 
ia+lb „ „ la. 

16. 



la 
la+16 

2+ia 
2+2i 



99 

91 



99 ^2* 



*> 



2. 

standard. 



By taking the mean of several very concordant observations, the value of 

oral la was found in terms of the standard, and therefore of the unit, to 
great degree of accuracy ; and from this coil the first platinum-silver unit 

constructed. 
- AU the coils to be issued are recompared some weeks after they are made, 

nrjeoted if they are found to have altered in resistance by 0*01 per cent. 
All the coils sent out are correct at the temperature written on them to 

in O'Ol per cent., and this temperature lies between 14-5 and 16*5 in all 



FIFTR REPORT— DUNDEE, SEPTEMBER 4, 1867. 

OP THE Committee : — Professor Williamson, Professor Sir C. "Wheat* 
stoiie. Professor Sir W. Thomson, Professor Miller, Dr. A. Matthiessen, 
Mr. fleeming Jenkin, Sir Charles Bright, Professor Maxwell, Mr. C. 
W. Siemens, Mr. Balfour Stewart, Mr. C. F. Yarley, Professor G. C. 
Foster, Mr. Latimer Clark, Mr. D. Forbes, Mr. Charles Hockin, and 
Br, Joule. 

Thb Committee have much pleasure in reporting that during the past year 
ecmsiderable progress has been made, and that the principal instruments 
^ lequired by the Committee for experiments have been completed and are 
in use. 

Experiments have been conducted by Dr. Joule, having for their object 
the determination of the mechanical equivalent of heat, by observing the 
heat generated in part of a voltaic circuit, the resistance of which was 
measured in absolute units by means of the standard of resistance Issued by 
the Committee. 

Last year preliminary experiments of this kind had been made by Dr. 
Joule, and the agreement which he then reported between his mechani- 
cal equivalent obtained by friction al experiments and that obtained by the 
electrical method was so dose as to lead to a suspicion that it was partly 
fnrtaitous. 
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if some Butououe mdId ; tm3 Sie rough units thus introfliiced are gi 

creeping into use, although all cicetriciuns have been anxious that tl 
mittec should ifiBuc a more scientific etandai'd. Under these c 
Mr. Jenkin hus adjusttd a mica-condonBer, ai»proximatelj- equal U 
absolute clectromogaetic units. The capacity of this condenser i 
OS that which it possosscfl after cloctrification for one minute, and if 
sured by the discharge through a galvanometer, in the manner usuallj , 
tised when testing the charge of a submarine cable. The formula for ol 
ing the measurement in absolute units from the throw of the needle is 
simptc, requiring only observations of the time of oscillation, of a re^la 
in absolute measure, and of a deflection of the galvanometer-needle, i 
of those observations con readily bo made, eo that their accumulated a 
cannot exceed one per cent, ; and for the present purpose this ace 
sufficient, inasmuch as, when using the condenser, small variations ini 
occur, arising from the residuol discharge. While, therefore, the n 
visional unit of cnpaeity has no claim to a high scientific aecnroey, i 
supply a practical want and introduce a unit based ou the prii 
adopted by the Committee, in place of the random I 
knot of Persian-Gulf or Atlantic cable. 

No decision has yet been arrived at ivhcther the new unit shall be if 
by the Committee or on Mr. Jentdn's own responsibility, nor has the p 
been fixed. 

The experiments by which it has been obtained are given in an Append 

The practical applications of the standard of capacity are important, 
will allow the capacity of submarine cables to bo universally expressed in 
comparable figures, and may lead to improvement by the diminution of lie 
specific inductive capacity of the insulator, precisely us the introduction of 
units of rcsialance has oEsieted the improvement in insulation and ccadue- 
tivity. 

The electromagnetic capacity standard will also, by comparison with ths 
electrostatic standard about to be made, furnish one mode of determinilH 
the constant called v in previous Ecjiorts, a number of much importance^B 
the theory of electricity. ^M 

The next unit or standard for consideration is that of the differenco^H 
potentials or electromotive force in absolute measure, conceming which ^H 
experiments have been wholly in Sir William Thomson's ImndB. He I'^^P^I 
that he has at lost succeeded in couBtmctiog a series of eleotromo^B 
capable of measuring differences of potential ranging from j^ of a Dani^f 
cell up to 100,000 cells, and that these measurements can all be reduced tO 
absolute units by comparison with one instniment of the series. 

This class of instruments has been created by Sir William Thomson, who 
year by year has produced electrometers each surpassing its predece^or, botk 
in accuracy and delicacy ; but although those who have had practical ex- 
perience of the admirable resnlts obtained by these have for the last two ur 
three years believed that the limit of cscelleiice has been reached, Sir WiUinm 
Thomson has not ceased to invent better and simpler forms, until the instra- 
ments now supplied surpass every expectation of practical electricians and 
furnish, indeed, a new engine for electrical research. 

The chief difficulties encountered have been the insulation of the Leyden 

jar, which has formed nn essential part of all the contrivances, ita maiu- 

tcnauee at a constant potential, and the reduction to absolute measurement 

^^ tho present instrument absolutely perfect insulation is no longer required; 

)y a new device for couverting mechauieal force into statical clcctricitr 
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III, ComjHtrison of B*A, Units to be deposited at Kew Observatory. 

By C. HocKiN. 

The following Table shows the value of the different copies of the BJ 
units that have been made for preservation at Kew : — 



Material of coil. 



No. of 
coil. 



Platinum-iridium alloy.. 



Platinum •iridium alloy.. 



Gold-silver alloy 
Gold-silver alloy 



Platinam 



Platinum ••. 



Platinum-silver alloy . . 

*Mercury .. 

Mercury , 

Mercury 



3 

10 

68 

35 

30 

43 

I. 

II. 
III. 



Date of observation. 



Tempera- 
tures at 
which coil 
has a resist- 
ance = 10'*- 
« 



(January 4, 
June 0, 

February 10, 
January 4, 
June 0, 

February 10, 
' January 5, 
February 10, 
April 10, 
June 6, 
February 10, 
January 7, 
August 18, 
February 10, 
January 7, 
August 18, 
February 10, 
f February 15, 
March 9, 
FebruaryilO, 
"February 2, 
July 18, 
February 11, 
r February 3, 
] August 18, 
(^ February 11,. 
February 11, 



865 
865 
807 
805 
865 
867 
865 
867 
865 
865 
867 
865 
866 
867 
865 
866 
867 
865 
865 
867 
865 
866 
867 
865 
866 
866 
867 



15-6 C. 

16-0 

160 

15-3 

15-8 

15-8 

15-6 

15-6 

15-3 

15-3 

15-3 

15-7 

15-7 

15-7 

15-5 

15-5 

15-7 

15-2 

15-2 

15-2 

16-0 

16-0 

16-7 

14-8 

14-8 

14-8 

17-9 



Observer, 



C.H. 
A M. 
C.H. 
C.H. 
A M. 
C.H. 
A.H. 
C.H. 
AM. 
A. M. 
C.H. 
C.H. 
A. M.. 
C.H. 
C.H. 
A. M. 
O.H. 
C.H. 
A. M* 
C.H. 
A.M. 
A.M. 
Cli. 
-A.M. 
A.M. 
C.H. 
C.H. 



867, 18 due, no doubt^ to a dU 
ric acid used to dean tlis ft 



* The alteration of this coil, observed on February 11, 

observed in the glass tube. 

The tube was of lead-glass. Perhaps the strong ni ^ ^^„ ^^ „ 

attacked the glass. A new mercury unit (No. III.) was made in consequence of J 
defect. ^ 

The apparent alteration in the platinum-iridium coils from the first value found, I b^ 
to be owing to a clerical error. No alteration has been observed in them since the sea 
observation made bjr Dr. Matthiessen in June 1865. 

The values given in the above Table are deduced from the German-diver coil oaM 
used in your Committee's experiments in 1864. This coil was found (by comparisoni 
copies made, in 1864, of gold-silver, German-silver, and platinum-tdlver) not to havealta 
The coil B was also compared with the coil (June 4) used in 1863, and the ratio of 
two coils was found not to have altered. 



IV. Ea^eriments on Capacity, By 'Fmmnso: Jekkh^, F,R,S. 

''^ tupacity of a condenser made of mica and tinfoil was adjusted w 
ypjoximately equal to 10"'* elcctrcmagnetic ahsolute units, accorf 
toUomT\g expcrimente. T\ic civ\im\^' oi «iK^ ^^xA^i^^^ ^:»xv. \^ dim 
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Tlio readings to bo made upon a simple lineal measure divided into eqnal 
signifying equal nnits of resistance. 

The employment of a single and unalterable comparison-resistance. 
apparatus constructed to fulfil these conditions is represented by the 
\ring diagram ; — 




ro equal and parallel helices, Ji and Ti, are fixed upon the comtnoti 
8 *', "which moves in the direction of its length between guide rollers, 
motion is effected by the end s\ armed by a facing of agate, which 
38 against the face of the metal curve c e\ The latter is fixed upon a 
moving in a groove in the rule d d\ at right angles in the direction dd'y 
Bans of a milled head i, on the axis of which is a pinion gearing into a 
underneath the straight edge of the curve c c\ The rule d d' is graduated 
aal parts ; and opposite to the divisions is a nonius up the straight edge 
he curve, to divide each degree into ten parts. Whenever the milled 
t', theitefore, is turned, the position of the curve is altered ; and as the 
»' of the bobbin-slide is pressed against it by means of a spring, the 
n follows it in all its movements. 

e wires of the two bobbins are connected together, in the common point 
bh the pole of a galvanic battery e, the other pole being connected with 
•esistances r, and through these with the remaining end of the galvano- 
*-helices. The resistance r is made constant, and adjusted s6 that when 
the index of the curve stands exactly opposite the zero of the graduated 
d cT, the unknown resistance being represented by .r. 
is evident that, the resistance in the bobbins being equal, as also their 
isions and initial magnetic effects upon the needle suspended between 
, if we make the resistance cc equal to r, the current in the two branches 
)e eqnal, and the magnet-needle therefore balanced between them only 
the heliceB are equally distant from it. Should, however, either of these 
ances preponderate, the strength of current in that branch will be les- 
; and in order to reestablish the balance it wiU be necessary to shift the 
nSf approaching the one in which the weaker current is circulating towards 
Lspen^ magnet. „ - — 
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Tho iiUtrnmeDt is erected upon a horizontal metal table etanding 1 
three Icvelling-scrcws. Tho bobbin, tho suspended magnet, and dial plata 
obBCFving tho zero of the pointer arc eontuiiied in a glass case, supported 
four brass pillars. Tho instrument is suppHed with termiaals for the hatb 
connexions, and a current -breaker for interrupting the battery-circuit. Oj 
site to these aro four terminal screws for receiving the ends of the n 
r and x, with contact-plugs between them, in order to quickly b( 
short circuit in case tlie operator should be in doubt towards which sids 
has to moTo the adjusting-curve. Two constant resistances accompany 
apparatus r — that which is used during the measurement, and a, a Teei§tl 
of known value, which is introduced between the terminals x in crder 
enablo the operator for his own. security to make a control measurement 
which he may verify tho accuracy of the instrument at any time. AnoB 
purpose of this resistance is to facilitate tho readjustment of the zero-paid) 
case tho galvanometer should ot any time be cleaned or a now atlk-tibre pi ' 

In constructing the sliding curve of this instrument, it might be detecn 
by calculation from the formula given by Weber for the deflection prodooei 
s circular current of known magnitude upon a magnetic point, and iroa 
given distance of the coils from each other. I prefer, however, in praetio 
detcrmiiie tho curve of each separate apparatus empirically, because it ia 
possible to coil a hehx mathematically true, or to set it when coiled abeda 
at right angles to the plane of its horizontal motion. 

In the determination of each curve I uso a delicately adjusted i'. 
scale of resistances in the circuit of x, giving it varying values oorrespon 
to the equal divisions of the engraved scale, and constructing the curve ace 
ing to the position which it is found necessary to give to tho point »' in a 
to arrive at the magnetic balance. With each instrument it would he poa 
to have two values of r — one expressed in mercury and the other in B.A.UI 
and in order to measure at pleasure in either of these units, it would onl 
necessary to insert tho one or other between the terminal screws for r. 

The instrument has been found to be very convenient for the raeasurei 
of the wire-resistances of overland lines, or tor the reading of reBistanoft^ 
mometera ; it reduces the operation and the observation of the zi 
a needle, and the reading upon a graduated scale, which can bo perfon 
aperaon of ordinary intelligence without experience in electrical meosui 
In accuracy and range it equals the bridge method, while as regards portah 
and cheapness of apparatus the advantages are decidedly in its tavoui *• 

II. On a ModiJieatio7i of Sitmens's Sesiglancs-Measwvi: 
By Fleemikg JENxitf, F.S.S. 

The following method of meaBuriiig resistances was suggested to Mr. Jealdl 
by the above invention of Mr, Siemens : — 

Let two tangent galvanometer- coils of equal magnotie moment be fijej 
together at right angles, with a short magnet hung in their centre, havinj 
a long light index pointing at a fiducial mark when the needle is in tlu 
magnetic meridian. Let the battery and coUa be so joined that the currenl 
shall divide in the ratio of the resistances in the two coils, and aholl pass ii 
such a direction as to tend to turn the needle in opposite directions. 

* I have lately constructed the samo instrument on tliiii priociple with a oirculur inBiw 
of B straigbt sliditig-piece, vhich gircs tlio BdvaiitBgii of a longer gmduatf d scnls in llu 
fcwiof a circle, Tfio circular sliding curve ia adjust^ by radial set eo ' "" ' 

wUng in a Y-gcooTe round the gaiTsoometer. 



in a solid iW 



■eoil witk a raasiaiiiw R at the begiamug *f the exiwriiiwttt B«md 
Snnc nnnian, «ad the other roU ivitb a n»LiUii<w K, in a plaug 



-^\- 



d linn show tls poution aStba ooil^wJiou tlw ourrfittt i« l(«isiu([. 



ar to tfaft maridiaii ; and ^iioa the qiirrout 
-'-" ~ 'a to tarn. 5 S-iatiie ilii^tiou wEUii 



K i'l HUi.')l IV 
hit Uuj uujj# 



ill tlw needle imgnin. brongiit to Uio fidmaaj i.oiiit au4 Uw vv>Jjl|i 
n^ t witii tha magnetan mstiljan, Uwn wo li;i\i,i It — Ciiii ^ R, c 
!B emted bftba ooil B^ !»■ ^feSMot fw uwnUi >'i '.Iv. , !..,.,>( .,.■! .it* 
nU Hum equal m. an. ^;.at»Swwoxwt»Oil>> i . ■ . 

m tlifl opgoBtB tSxectdntt wlQ; !» wi^ Ufa ^ ■ i 

tnufer t&e action, at Qt» two eoik ; Wt ^ wv httvu siAW'^y*! W^'"*' 
re equal magnetie »oneat» with e<imU ^l«^■^l!tt^u, -^*' ■" a* i I,(h'\X' - 
I ^ R^. K and K, need aot W tlw rwtwt^UWt'a t^' Wv gA'^iw ■ 

onlj-, tKit maj eousjst «f two juiVla, tl + r ituit U, \- •;, wlioi'n 
i« the restst!utc«<3 of the galv«utnuDt*>T-i^pil!*. V*U '" WW') ''i nvo 
anws. Thus when Q 0, mxl i- am kiwwu, r, vnn V\» vVtmw*t ttf 

be one, one hundred, or ouu thoiisait'l uuito, X\w (vnt^tuuou ^'C '', 
al to the tungont of ^, or to one hmulvuJ cr yiiu Hiiniamiil liuu'.i 
t respectively minua iu ottDh ouse a ooittiUut — II,- 
ige of the instnimont woit* not I'oqitivod to Im Vi>yy |{lVttt. Ui»> foiU 
mod by the pushing of a ati'uiglit itliilu, oiiuiil diviniimti cii whii^H 
<pond to equal incremonta of the tunaiiHt ot f , nml tlw bi>u1o woiili) 
d, 60 that the resistunoe *■, Bhoulil bo vmH oif iliiKiirty. ■«» in 
I's inatrumont. - n. i 

3nt coils should bo mudo of liurmnii-Bilvor wiru, uiid inisttt bo 

practised by Holinholt/. iind tiouguiii. TbeDvelically, tbo mnu;o 
rument would bo infinito, .■. ». any micumont would be fmHu 
; an infinitely smaU or iutij.ilolv largo roswtonco i but oloovly t lo 

G + r should bo 80 arraugod in ouob aiso that the auglo ob- 
lot very different from 45° Tho ranjro of tbo juatrurauilt my 
creased by tho use of ole*' 
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ndepondent series of observations divided into triplets : — 

first two, 0' 22 J, 1' 24", last two, 9' 37^, 10' 39'; 

oscillations in all. Mean value of 2tBs20' 55". 

T'aliie of R^. Direct method. Battery resistance : — 

1 223 

2 21G 

Mean 219 

Direct deflection : — 

A' *. B. g. n. B,, Ohms. 

1 278 22000 219 47 1000 C-19 x 10' 

2 321i 19000 219 47 1000 6-19 x lO^ 

an voliio of Rj in absolute units 6*19 x iO^\ Value of IS=s99-2 x 10"^^. 
October 17. Discharge: — 

1. 2. a 4. Mean. 

179 - 180 179 180 1795 

sin I i=s91|. 
Times: — 

0' 55", 1' 5GJ", 10' 7|", 11' 8i". 

tal number of oscillations 30. iMcau value of 2t= 20' 46". 
Value of 11^. Direct method. Battery resistance: — 

1 210 

2. . . *. 223 

Mean 215-6 

Direct deflection : — 

d, k. B. g. n. R., Ohms. 

1 268 22000 216i 47 1000 507 X lO^ 

2 829 18000 215^ 47 1000 6 01 x 10^ 

oan value of E^=5-99 x W^ absolute units. Value of S=99-25. 
The seven values obtained for S give a mean value of '9965 x 10'^^ as 
capacity of the mica-plate condenser when charged for one minute, and 
3a8ured by a discharge through a galvanometer, on the needle of which it 
ts for about 5 seconds. If wo reject the two observations made on Oct. 15 
''hich were, indeed, only preliminary, and made with less care than all the 
hers) we find the average to be 0*9962 x 10"^^ and the approximation be- 
'cen this mean and any single results is 0*42 per cent. It is therefore 
obable that a unit copied from this preliminary standard will not bo one 
r cent, wrong. 

A tenfold multiple (10~i3 absolute measure) of the condenser measured is 
convenient magnitude as a practical unit of capacity for telegraphy ; thus 
c capacity of the Atlantic cable per knot thus measured is 0*3535. Assum- 
g that the practical unit of electromotive force will be chosen as that mul- 
plo which is most nearly equal to Danicll's cell, i. e, 10^ electromagnetic 
lits, then the capacity of the proposed practical unit is such that it contains 
ith the unit E. M. F. the same quantity of electricity as would be passed 
. one second through a circuit of the resistance of one Megohm. Thus 
)5 E. M. F., acting on a circuit of 10^^ will pass in one second 10"^ absolute 
lits of quantity ; and, similarly, 10^ E. M. F. will charge a condenser of ab- 
lute capacity equal to lO"^^ with lO'^ absolute units of quantity. This 
actical series of units is that which, in the opinion of Mr. Latifner Clark 
id myself, is best adapted for practical use in telegraphy. Mr. Clark caUs 
e unit of quantity thus defined (10"^) one Farad, and similarly says that 
e unit of capacity has a capacity of one Farad, it being understood that this 
the capaei^ when charged with unit electromotive loT^i^ 0-^^* 
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Y. Bejiort on ElecirOimters and Electrostatic Measurem&iit^. 

By Sir Wm. Thomsoit, F.B,8. 

§ 1 . An electrometer is an instrument for measuring differences of electric 
potential between two conductors through effects of electrostatic force, and is 
distinguished from the galvanometer, which, of whatever species, measures 
differences of electric potentials through electromagnetic effects of electric 
currents produced by them. When an electrometer merely indicates the 
existence of electric potential, without measuring its amount, it is commonly 
called an electroscope ; but the name electrometer is properly applied when 
greater or less degrees of difference are indicated on any scale of reckoning, 
if approximately constant, even during a single series of experiments. The 
first step towards accurate electrometry in every case is to deduce from 
the scale- readings numbers which shall be in simple proportion to the dif- 
ference of potentials to be determined. The next and last step is to assign 
the corresponding values in absolute electrostatic measure. Thus, when for 
any electrometer the first step has been taken, it remains only to determine 
the single constant cocflScient by which the numbers deduced from its indica- 
tions as simply proportional to differences of potential must be multiplied to 
give differences of potential in absolute electrostatic measure. This coefficient 
will be called, for brevity, the absolute coefficient of the instrument in question. 

§ 2. Thus, for example, the gold-leaf electrometer indicates differences of 
potential between the gold leaves and the solid walls enclosing the air-space 
in which they move. If this solid be of other than sufficiently perfect con- 
ducting material, of wood and glass, or of metal and glass, for instance, as in 
the instrument ordinarily made, it is quite imperfect and indefinite in its 
indications, and is not worthy of being even called an electroscope, as it may 
exhibit a divergence when the difference of potentials which the operatcH* 
desires to discover is absolutely zero. It is interesting to remark that 
Faraday first remedied this defect by coating the interior of the glass case 
with tinfoil cut away to leave apertures proper and sufficient to allow indi- 
cations to be seen, but not enough to cause these indications to differ sensibly 
from what they would be if the conducting envelope were completely closed 
around it ; and that not till a long time after did any other naturalist, mathe- 
matician, or instrument-maker seem to have noticed the defect, or even to have 
unconsciously remedied it. 

§ 3. Electrometers may be classified in genera and species according to the 
shape and kinematic relations of their parts ; but as in plants and animals a 
perfect continuity of intermediate species has been imagined between the 
rudimentary i)lant and the most perfect animal, so in electrometers we may 
actually construct species having intermediate qualities continuous between 
the most widely different genera. But, notwithstanding, some such classifi- 
cation as the followiDg is convenient with reference to the several instruments 
commonly in use and now to be described : — 

I. Repulsion electrometers. 

Pair of diverging straws as used by Beccaria, Yolta, and others, last 
century. 

Pair of diverging gold leaves (Bennet). 

Peltier's electrometer. 

Delmann's electrometer. 

Old-station electrometer, described in lecture to the Royal Institu- 
tion, May 1860 ; also in Niehors ' Cyclopaedia,' article " Elec- 
tricity, Atmospheric" (edition 1860), and in Dr. Everett's 
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less l>eing chosen. If the four quadrants aro in a perfectly symmetrical 
K>sitLon round it, and if they are kept at one electric potential by a metallic 
ire connecting the chief electrodes outside, the needle may be strongly 
dectiified without being disturbed from its position of magnetic equilibrium ; 
3at if it is electrified, and if the external electrodes be disconnected and any 
lifference of potentials established between them, the needle will clearly ex- 
perience a couple turmng it round its Tcrtical axis, its two ends being driven 
&om the positive quadrants towards the negative if it is itself positively 
electrified. It is kept positive rather than negative in the ordinary use of 
the instmment, because I find that when a conductor with sharp edges or 
points is surrounded by another presenting everywhere a smooth surface, a 
much greater difference of potentials can be established between them, with- 
out producing disruptive discharge, if the points and edges are positive than 
if they are n^ative. 

§ 10. The mirror (t) serves to indicate, by reflecting a ray of light from a 
lamp, small angular motions of the needle round the vertical axis. It is a very 
light, concave, silvered glass mirror, being only 8 millimetres ( j of an inch) in 
diameter, and 22 milligrammes (^ grain) weight. I had for many years ex- 
perienced great difficulty in getting suitable mirrors for my form of mirror 
galvanometer ; but they are now supplied in very great perfection by Mr. 
Becker, of Messrs. Elliott Brothers, London. The focus for parallel rays is 
about 50 centimetres (20 inches) from the mirror, and thus the rays of the 
lamp placed at a distance of 1 metre (or 40 inches) are brought to a focus at 
the same distanoe. The lamp is usually placed close behind the vertical 
screen a little below or above the normal Ime of the mirror, and the image 
is thrown on a graduated scale extending horizontally above or below tho 
aperture in the screen through which the lamp sends its light. When the 
mirror is at its magnetic zero position the lamp is so placed that its image is, 
as nearly as may be, in a vertical plane with itself, and not more than an 
inch above or below its level ; so that there is as little obliquity as possible 
in the reflection, and the line traversed by the image on the screen during tho 
deflection is, as nearly as may be, straight. The distance of the lamp and 
screen from the mirror is adjusted so as to give as perfect an image as possi- 
ble of a fine wire which is stretched vertically in the plane of tho screen 
across the apertur'e through which the lamp shines on the mirror ; and with 
Mr. Becker's mirrors I find it easy to read the horizontal motions of the dark 
image to an accuracy of the tenth of a millimetre. In the ordinary use of 
the instrument a white paper screen, printed from a copper plate, is employed, 
and the readings are conunonly taken to about a quarter of a scale-division ; 
but with a little practice they may, when so much accuracy is desired, be 
read with considerable accuracy to the tenth of a 6cale--division. Formerly 
a slit in front of the lamp was used ; but the wire giving a dark line in tho 
middle of the image of the flame is a very great improvement, first intro- 
duced by Dr. Everett, in consequence of a suggestion made by Professor P. G. 
Tait, in his experiments on the elasticity of solids made in the ITatural- 
Plulosophy Laboratory of Glasgow University*. 

§ 11. The charge of the needle remains sensibly constant from hour to 
hour, and even from day to day, in virtue of the arrangement according to 
which it Ib kept in communication with sulphuric acid in the bottom of tho 

* A Drummond light placed about 70 centimetres from the mirror giyes an image, on 
a screen about 3 metres distance, brilliant enough for lecture-illustrations, and with suffi- 
cient definition to allow accurate readings of tho positions on a scale marked by the image 
of a fine vertical wire in front of the light. 
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jar, the outside of the jar being coated with tinfoil and connected with the 
earth, so that it is in reality a Leyden jar. The whole outside of the JM, 
even where not coated with tinfoil, is in the ordinary use of the instrument, 
especially in our moist climate, kept virtually at one potential through con- 
duction along its surface. This potential is generally, by connecting wires 
or metal pieces, kept the same as that of the brass legs and framework of 
the instrument. To prevent disturbance in case of strongly electrified bodies 
being brought into the neighbourhood of the instrument, a wire is either 
wrapped round the jar from top to bottom, or a cage or network of wire, or any 
convenient metal case, is placed round it ; but this ought to be easily removed 
or opened at any time to admit of the interior being seen. When the instru- 
ment is left to itself from day to day in ordinary use, the needle, connected 
with the inner coating of the jar as just described, loses, of course, unless 
replenished, something of its charge ; but not in gcner«il more than | per 
cent, per day when the jar is of flint glass made in Glasgow. On trying 
similar jars of green glass I found that they lost their charge more rapidly 
per hour than the white glass jars per month. I have occasionally, but very 
rarely, found white glass jars to be as defective as those green ones ; and it is 
possible that the defect I found in the green jars was an accident to the jars 
tested, and not an essential property of that kind of glass. 

§ 12, I have recently made the very useful addition of a replenisher to 
restore electricity to the jar from time to time when required. It consists of 
(1) a turning vertical shaft of vulcanite bearing two metal pieces called carriers 
(6, 5, figs. 17 & 18, Plate Y.) ; (2) two springs (d, d, figs. 16 & 18), connected 
by a metallic arc, making contact on the carriers onfee every half turn of the 
shaft, and therefore called connectors ; and (3) two inductors (a, a) with re- 
ceiving springs (c, c) attached to them, which make contact on the carriers 
once every half turn, shortly before the connecting contacts are made. The 
inductors (cr, cr, figs. 16 & 18) are pieces of sheet metal bent into circular cylin- 
drical shapes of about 120° each ; they are placed so as to deviate in the 
manner shown in the drawing from parts of a cylindrical surface coaxal with 
the turning-shaft, leaving gaps of about 60° on each side. The diameter of 
this cylindrical surface is about 15 millimetres (about | an inch). The carriers 
(6, 6, figs. 17 & 18) are also of sheet metal bent to cylindrical surfaces, but not 
exactly circular cylinders, and are so placed on the bearing vulcanite shaft 
that each is rubbed by the contact springs over a very short space, about 1 
millimetre beyond its foremost edge, when turned in the proper direction for 
replenishing. The receiving springs (c, c, figs. 17 & 18) make their contacts 
with each carrier immediately after it has got fairly under cover, as it were, 
of the inductor. Each carrier subtends an angle of about 60° at the axis 
of the tnrning-shaft. The connecting contacts are completed just before the 
carriers commence emerging from being under cover of the inductors. Tho 
carriers may be said to be under cover of the inductors when they are -withiu 
an angle of 120° on each side of the axis subtended by the inductors. One 
of the inductors is in metallic communication with the outside coating of the 
jar, tho other with the inside. Pigs. 16, 17, & 18 illustrate sufficiently 
the shape of carriers and the succession of the contacts. The arrow-head 
indicates the direction to turn for replenishing. When it is desired to dimi- 
nish the charge, the replenisher is turned backwards. A small charge having 
been given to the jar from an independent source, the replenisher when 
turned forwards increases the difference of potentials between the two 
inductors and the two coatings of the jar connected with them by a constant 
ntage per half turn, unless it is raised to so high a degree as to break 
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town the air-insulation by disruptive discharge. The electric action is 
9xplained simply thus : — The carriers, when connected by the connecting 
iprings, receive opposite charges of induction, of which they deposit large pro- 
portions the next time they touch the receiving springs. Thus, for example, 
-f the jar be charged positively, the carrier emerging from the inductor 
connected with the inner coating carries a negative charge round to the 
receiving spring connected with the outside coating, while the other carrier, 
amerging from the inductor connected with the outside coating, carries 
a positive charge round to the receiving spring connected with the inside 
Boating. If the carriers are not sufficiently well under cover of the inductors 
daring both the receiving contacts and the connecting contacts to render the 
chains which they acquire by induction during the connecting contactfl 
greater than that which they carry away with them from the receiving con- 
tacts, the rotation, even in the proper direction for replenishing, does not 
increase, but, on the contrary, (Uminishes the charge of the jar. The de- 
viations of the inductors from the circular cylinder referred to above have 
been adopted to give greater security against this failure. A steel pivot 
fixed to the top of the vulcanite shaft, and passing through the main cover, 
carries a small miUed head (y, fig. 1) above, on the outside, which is spun 
rapidly round in either direction by pressing the finger on it ; and thus in 
less than a minute a small charge in the jar may be doubled. The dimi- 
nution of the charge, when th<5 instrument is Icfb to itself for twenty-four 
hours, is sometimes imperceptible ; but when any loss is discovered to have 
taken place, even if to the extent of 10 per cent., a few moments' use of the 
replenisher suffices to restore it, and to adjust it with minute accuracy to the 
required degree by aid of the gauge to be described presently. The principle 
of the " replenisher " is identical with that of the " doubler " of Bennet. In 
the essentials of its construction it is the same as Yarley's improved form of 
Nicholson's " revolving doubler." 

§ 13. The gauge consists of an electrometer of Class III. The movable 
attracted disk is a square portion of a piece of very thin sheet aluminium of 
the shape shown at a in fig. 4. It is supported on a stretched platinum wire 
passing through two holes in the sheet and over a very small projecting 
ridge of bent sheet aluminium placed in the manner shown in the magnified 
drawing, fig. 3. The ends of this wire are passed through holes in curved 
springs, shown in ^g, 4, and are bent round them so as to give a secure 
attachment without solder and without touching the straight stretched part 
of the wire. The ends of the platinum wire (/5, fi) are attached by cement to 
the springs, merely to prevent them from becoming loose, care being taken 
that the cement does not prevent metallic contact between some part of the 
aluminium wire and one or both of the brass spiings. I have constantly 
found fine platinum wire rendered brittle by ordinary solder applied to 
it. The use of these springs is to keep the platinum wire stretched, with 
an approximately constant tension, from year to year and at various tempera- 
tares. Their fixed ends arc attached to round pins, which are held with their 
axes in a line with the fibre by friction, in bearings forming parts of two ad- 
justable brass pieces (y, y) indicated in fig. 4 ; these pieces are adjusted once 
for all to stretch the wire with sufficient force, and to keep the square attracted 
disk in its proper position. The round pins bearing the stretching-springs are 
turned through very small angles by pressing on the projecting springs with 
the finger. They are set so as to give a proper amount of torsion tending to 
tilt the attracted disk (a) upwards, and the long end of the aluminium lever (^), 
of which it forms a part, downwards. The downward motion of the long end 
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is limited by a properly placed stop. Another stop (e) above limits tin 
upward motion, which takes place under the influence of electrification ia 
the use of the instrument. A very flue opaque black hair (that of a snuH 
black-and-tan terrier I have found much superior to any hitherto tried) is 
stretched across the forked portion of the sheet aluminium in which tha 
long arm of the lover terminates. Looked at horizontally from the outside 
of the instrument it is seen, as shown in fig. 7, Plate V., against a white 
background, marked with two very fine black circles. These sight-plates in 
the instruments, as now made by Mr. White, are of the same material as tlie 
ordinary enamel watch-dials with black figures on a white ground. The 
white space between the two circles should be a very little less than tiie 
breadth of the hair. The sight-plate is set to be as near the hair as it can 
be without impeding its motion in any part of its range ; and it is slightlj 
convex forwards, and is so placed that the hair is nearer to it when in the 
middle between the black circles than when in any other part of its range. 
It is thus made very easy, even without optical aid, to avoid any considerahlB - 
error of parallax in estimating the position of the hair relatively to the twa 
black circles. By a simple plano-convex lens (<p, fig. 2), with the convex 
side turned inwards, it is easy, in the ordinary use of the instrumenti te 

distinguish a motion up or down of the hair amounting to ^ of an incL 

With a little care I have ascertained, Dr. Jpule assisting, that a motion of 

no more than —^^ of an inch from one definite central position can be 

securely tested without the aid of other magnifying-power than that giyoi 
by the simple lens. The lens during use is in a fixed position relativdy to 
the framework bearing the needle, but it may be drawn out or pushed in to 
suit the focus of each observer. To give great magnification, it ought to he 
drawn out so far that the hair and sight-plate behind may be but little nearer 
to the lens than its principal focus, and the observer's eye ought to be at t 
very considerable distance from the instrument, no less than 20 centimetres 
(8 inches), to get a good magnification ; and a short-sighted person should 
use his ordinary concave eye-lens close to his eye. The reason for tumiog 
the convexity of the small plano-convex lens inwards is, that if the eye d 
the observer is too high or too low, the hair seems to him curved upwards or 
downwards, and he is thus guided to keep his eye on a level sufOlciently 
constant to do away with all sensible effects of parallax on the position of 
the hair relatively to the black circles. The framework carrying the stretched 
platinum wire and movable attracted disk is above the brass roof of the 
lantern, in which a square aperture is cut to allow the square jwrtion con- 
stituting the short arm of the aluminium balance to be attracted downwards 
by the fixed attracting disk (§ 7), to be presently described. A side view 
of the attracting plate, the brass roof of the lantern, the aluminium balance, 
the sight-plate, the hair, and the plano-convex lens is shown in section 
(fig. 2), also a glass upper roof to protect the gauge and the interior of the 
instrument below from dust and disturbance by currents of air, to which, 
without this upper roof, it would be exposed, through the small vacant space 
round the movable aluminium square. The fixed attracting disk is borne 
by a vertical screw screwing into the upper brass moimting (z, ^g. 2) (§ 7), 
connected with the inner coating of the Leyden jar through the guard tubes, 
&c., and is secured in any position by the " jam nut," shown in the draw- 
ings at z, ^g. 2. This disk (s) is circular, and about 38 millimetres (1| inch) 
diameter, and it is placed horizontally with its centre under the centre oif 
the square aperture in the roof of the lantern. Its distance from the lower 
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tion of tho hair, shall produce no sensible change in the deflection of 
luminous image produced by the greatest difference of potentials betweet] 
the quadrants, which is to be measured in the use of the instrument. l| 
believe the instruments already made, when adjusted to fulfil these <m»l 
ditions, may be trusted to measure tho difference of potentials produced by tj 
single cell of Daniell's to an accuracy of a quarter per cent. It musfc bil 
remembered that the constancy of value of the unit of each instramail.| 
depends not only on the constancy of the potential indicated by the gat^j 
but also on the constancy of the force in the field traversed by the suspendeij 
needle. As both these may be expected to decrease gradually from year toj 
year (although very slowly after the first few hours or weeks), rigoiow 
methods must be adopted to take such variations into account, if the instriH 
ment is to be trusted to as giving accurately comparable indications at aB 
times. The only method hitherto provided for this most important object 
consists in the observation of tho deflection produced by a measured motiitt 
of one of the quadrants by the micrometer-screw (i) when the four quadranlxi^ 
are put in metallic communication with one another through the principd 
electrodes — the force producing this deflection when the potential of the jar 
is constant ; and therefore, the jar being brought to one constant potential 
by aid of the gauge, the amount of the deflection will show whether or not 
the force of the magnetic field has changed, and will render it easy at anj 
time to adjust the strength of the magnets, if necessary, to secure this con-, 
stancy. £ut to attain this object by these means, the three quadrants not 
moved by the micrometer-screw must be clamped by their fixing-screwa so 
that they may be always in the same position. 

§ 16. The absolute constancy of the gauge cannot be altogether relied, 
upon. It certainly changes to a sensible degree with temperature, and to. 
very different degrees, and even in different directions, as will be seen (§ 
in connexion with the description of tho portable electrometer to be given 
later. But this temperature variation does not amount in ordinary casea 
probably to as much as one per cent. ; and it is probable that after a year, 
or two any further secular variation of the platinum torsion spring will be 
quite insensible. It is to be remarked, however, that secular experiments on 
the elasticity of metals are wanting, and ought at least to be commenced in ^ 
our generation. In the mean time it will be desirable, both on account of 
the temperature variation and of the possible secular variation in the couple 
of torsion, to check the gauge by accurate measurements of the time of oscil- - 
lation of the needle with its appurtenances. The moment of inertia of this j 
rigid body, except in so far as it may be influenced by oxidation of the metal, 1 
of which I have as yet discovered no signs, may be regarded as constant ; and j 
therefore the amount of the directing couple duo to the magnets may bei 
determined with great accuracy by finding the period of an oscillation when ^ 
the four quadrants are put in connexion through the charging rod with the ; 
metal mounting bearing tho guard plates, &c. I have not as yet put into ' 
practice any of the obvious methods, founded on the general principle ct] 
coincidences used in pendulum observations, for determining the period of the 
oscillation; but although not more than twenty or thirty oscillations can be' 
counted, it seems certain that with a little trouble the period of one of them ' 
may be determined without much trouble to an accuracy of about -jL. per cent ^ 

Absolute Electrometer. 

§ 17. The absolute electrometer (fig. 11, Plate YI.) and the other instru- 
ments of Class III, are founded on a method of experimenting introduced by 
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3ir Wm. Snow Harris, and described in his first paper " On the Elementary 
Laws of Electricity"* thirty-four years ago. In these experiments a con- 
loctor, hang from one arm of a balance and kept in metallic communication 
mth the earth, is attracted by a fixed insulated conductor, which is electri- 
led, and, for the sake of keeping its electric potential constant, is connected 
with the inner coating of a Leyden battery. The first result which he 
umoanced is, that, when other circumstances remain the same, the attraction 
raries with the square of the quantity of electricity with which the insulated 
sody is charged; but "it is readily seen that, in the case of Mr. Harris's 
^ experiments, it will be so slight on the unopposed portions that it could 
^not be perceived without experiments of a very refined nature, such as 

• might be made by the proof plane of Coulomb, which is, in fact, with a 
^alight modification, the instrument employed by Mr. Earaday in the inves- 

* tigation. Now to the degree of approximation to which the intensity on 
•'the unopposed parts may be neglected, the laws observed by Mr. Harris 
''when the opposed surfeu^es are plane may be readily deduced from the 
'* mathematio^ theory. Thus let v be the potential in the interior of A, the 
'* charged body, a quantity which will depend solely on the state of the inte- 
" lior coating of the battery with which, in Mr. Harris's experiments, A is 
^* connected, and will therefore be sensibly constant for diiferent positions 
'* of A relative to the uninsulated opposed body B. Let a be the distance 
''between the plane opposed faces of A and B, and let S be the area of the 
^* opposed parts of these faces, which will in general be the area of the 
*' smaller, if they be unequal. When the distance a is so small that we may 
■'* entirely neglect the intensity on all the unopposed parts of the bodies, it 
** is readily shown, from the mathematical theory, that (since the difference 
•* of the potentials at the surfaces of A and B is v) the intensity of the elec- 
**tricity produced by induction at any point of the portion of the surface of 

**B which is opposed to A is -; — , the intensity at any point which is not so 

''dtnated being insensible. Hence the attraction on any small elemental, 
•*rf the portion S of the surface of B, will be in a direction perpendicular to 

^ the plane and equal to 2jrf-^\ t. Hence the whole attraction on B is 

v^8 
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" This formula expresses all the laws stated by Mr. Harris as results of 
•his experiments in the case when the opposed surfaces are plane "J. 

§ 18. After many trials to make an absolute electrometer founded on the 
'Sepalaion between two electrified spherical conductors for which I had given 
meonvenient mathematical formula in § 4 of the paper just quoted, it occurred 
1o me to take advantage of the fact noticed by Harris, but easily seen as an 
Jnunediato consequence of Green's mathematical theory, that the mutual 
^ attraction between two conductors used as in his experiments is but little 
timflnenced by the form of the unopposed parts ; and in 1853, in a paper " On 
^tnonent Electric Currents" §, I described a method for measuring difterences 
M electric potential in absolute electrostatic measure founded on that idea. 
PThe "absolute electrometer" which I exhibited to the British Association 

* Philosophical Transactions, 1834. 

t See Mawwinfttiffll Journal, yol. iii. p. 275. 

i " On the SLementarv Laws of Statical Electricity/' Cambridge and Dublin Mathe- 

-'* \ Joonul, 1846 ; and PhiL Mag. July 1854. § Phil. Mag. June 1853. 
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at its Qiasgow Ueeting in 1855 was constmcted for the pnrpose of putt 
tlieso methods in practice, This instrument consiflte of a plane metal 
insulated iu a fixed horizontal position, with a somewhat smnller fixed n 
disk hung centrally over it from one end of the beam of a balance. In 
papers entitled " MeaBurement of Electostatic Force produced by a Battf 
and " Mcaaiiremont of the Electromotive Force reqnited to produce a spai 
Air between parallel metal plates at different distances," puliliahed in the 1 
ceodings of the lloyal Society* for February 1860, 1 described applicat 
of this electrometer, in which, for the first time, I believe, abeolute ela 
static measuromonta wore made. The calculations of differences of poton 
in absolute measure wore mnde according to the formula quoted above (J 
from my old paper on " The Elementary Laws of Statical Electricity." 
§ 19. This formula is rigorous only if the distance between the di 
infinitely small in comparison with their diameters ; and therefore, if 
earliest attempt to mako absolute electrostatic measurementa, I nsed 
small distances. I found groat difllcnlty in securingthat the distance fli 
be nearly enough equal between different parts of the plates, and in m' 
ring ila absolute amount with snfllcient accuracy; and found besides at 
inconveniences in respect of sensibility and electric range ; later I ma 
great improvera_ent in the instrument by making only a small central 
of one of tho'difiks movable. Thus the electric part of the instrun 
becomes two large parallel plates with a circular aperture in one of 11 
nearly filled up by a light circular disk supported properly to admit o 
elcclrieal attraction towards the other being accurately measured in aba 
units of force. The disk and the perforated plate surrounding it wE 
called, for brevity, the disk and the guard-plate. The faces of these 
next the other plate must be as nearly as possible in one plane when 
disk is precisely in the position for measuring its electric force, whidi 
brevity, will be called its sighted position. The space between the disk 
the inner edge of its guard-ring miist bo a very small part of tlie diamet 
the aperture, and must be very small in comparison with the distance befr 
the plates ( but the diameter of the disk may be greater than, eqocd t 
less than the distance between the plates. 

§ 20. Mathematical theory shows that the electric attraction experic 
by the disk is the enrae as that experienced by a certain part of one of 
infinite planes at the same distance, with the same difference of elS 
potentials, this area being very approximately the mean between the 
of the aperture and the area of the disk, and that the approximation is 
good, even although the distance between the plates be as much as a foni 
fifth, and the diameter of the disk as much as three fourths of the (" 
of the smaller of the two plates. This conclusion will be readily asf 

when we consider thntf the resultant electric force at any point ii „ 

between the two plates is equal numerically to the rate of conduction rf 
heat per unit area across the corresponding space in the following Ihermi 
analogue. Let a solid of uniform thermal conductivity replace all the ut 
between and round the plates; and in place of the plates let there be hoUffip 
spaces in this solid. Let these hollow spaces be kept at two uniform tempo 
ratnres, differing by a number of degrees equal numerically to the difle 
enoe of potentials in the electric system, the space corresponding to | 

* PliU, Mdg. September nnd Octobpi- 18f.O. 

t •' On tho Unifarm CondQclion of Heat llirough EoHd Bcdifs, and its ^ 

the MatheinaticBl Theory of Eleclricitj," Cambridge Mnfhcmatical Journal, I^b, I 
-nil Phil. Mug. .Tiily 1804. ' ""M 
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disk and guard-ring being at one temperature^ and that eorresponding to the 
opposite plate at the other temperature ; and let the thermal conductivity of 
tihe solid be unity. If we attempt to draw the isothermal surfaces between 
"the hollow corresponding to the continuous plate on the one side, and that 
corresponding to the disk and guard-ring on the other side, we see imme- 
diately that they must be very nearly plane from very near the disk all the 
"vay across to the corresponding central portion of the opposite plate, but 
"that there will be a convexity towards the annular space between the disk 
and goaid-ring. 

§-21. Thus we see that the resultant electric force will, to a very close 

V 
Approximation, be equal to «:? ^or all points of the air between the plates at 

distances from the outer bounding edges exceeding two or three times the 
^stance between the plates, and at distances from the interstice between the 
£;nard-ring and disk any less than the breadth of this interstice. Hence if p 
denote the electric density of any point of the plate or disk far enough from 
the edges, we have 

V 

But the outward force experienced by the surface of the electrified conduc. 
tor per unit of area at any point is 2irp^ ; and therefore if P denote the force 
experienced by any area A of the fixed plate, any part of which comes near 
its edge, we have 

m 

which will clearly be equal to the attraction experienced by the movable 

/ft V 
disk, if A be the mean area defined above. This gives Y=D ^ /-t~> ^^® 

formula by which difference of potentials in absolute electrostatic measure 
is calculated from the result of a measurement of the force F, which, it must 
be remembered, is to be expressed in kinetic units. Thus if W be the mass 
in grammes to which the weight is equal, we have 

irhere g is the force of gravity in centimetres per second. 

The difficulty which, in first applying this method about twelve years ago, 
1 found in measuring accurately the distance D between the plates and in 
avoiding error from their not being rigorously parallel, I now elude by 

■ measuring only differences of distance, and deducing the desired results froni 
the difference of the corresponding differences of potentials. Thus let V be 
flifi difference of potentials between the plates required to give the same force 

. P; when the difference of potentials is V instead of V, we have 

§ 22. The plan of proceeding which I now use is as follows : — Each plate 

(fig. 11, Plate VI.) is insulated ; one of them, the continuous one, for instance, 

lb kept at a potential differing from the earth by a fixed amount tested by aid 

Ta separate idiostatic* electrometer; the other plate (tho guard-ring and 

)?able disk in metallic communication with one another) is alternately 

imeeted with the earth and with the body whose potential is to be 

♦ See 8 40 below. 
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measorecu The lower plato is moved up or down by a mierometer-BCiew 
until the movable disk balances in a definite position, indicated by the hair 
(with background of white with black dots) seen through a lens, as shown ia 
fig. 11. Before and after commencing each series of electrical experiments, 
the amount of weight to be placed on the upperside of the disk to bring the 
hair to its sighted position when there is no electric force is determined. 
This last condition is secured by putting the two plates in metallic comma- 
nication with one another. For the electric experiments the weight is 
removed, so that when the hair is in the sighted position the electric attraction 
on the movable disk is equal to the force of gravity on the weight. The 
electric connexions suitable in using this instrument for determining in 
absolute electrostatic measure the difference of potentials maintained bj 
a galvanic battery between its two electrodes are indicated in fig. 11. 
No details as to the case for preventing disturbance by currents of air, and 
for maintaining a dry atmosphere, by aid of pumice impregnated with sfzong 
sulphuric acid, are shown, because they are by no means convenient in the 
instrument at present in use, which has undergone so many transformations 
that scarcely any part of the original structure remains. I hope soon to 
construct a compact instrument convenient for general use. The amount of 
force which is constant in each series of experiments may be varied from one 
series to another by changing the position of a small wire rider on the lera 
from which the movable disk is hung. 

The electric system here described is heterostatic (§ 40 below), there 
being an independent electrification besides that whose difference of potential 
is to be measured. 

Portable Electroiteteb. 

§ 23. In the ordinary use of the portable electrometer (figs. 8, 9, & 10, ^ 
Plate YI.), the electric system is heterostatic and quite similar to that of the 
absolute electrometer, when used in the manner described above in § 22. 
But the balance is not adapted for absolute measure of the amount of force 
of attraction experienced by the movable disk ; on the contrary, it is pre- 
cisely the same as that described for the gauge of the quadrant electrometer 
in § 13 above, only turned upside down. Thus, in the portable instrument, _ 
the square disk (/) forming part of the lever of thin sheet aluminium is 
attracted upwards by a solid circular disk of sheet brass (^), thick enou^ 
for stiffness. Every part of the aluminium lever except this square portion 
is protected from electric attraction by a fixed brass plate Qi h) with a square 
hole in it, as nearly as may be stopped by the square part of the sheet 
aluminium destined to experience the electric attraction, all other parts of 
the aluminium balance-lever being below this guard-plate. The alumininm 
lever (i Jc), as shown in figs. 8 & 10, is shaped so that when the hair {I) at 
the long end of its lever is in its sighted position, the upper surfaces of the 
fixed guard-plate (h) and movable aluminium square (/) are as nearly as 
may be in one plane. The mode of suspension is precisely the same as that 
described (§ 13) for the gauge of the quadrant electrometer. In the portable 
instrument, careful attention is given by the maker to balance the aluminium 
lever by adding to it small masses of shellac or other convenient substance^ 
so that its centre of gravity may be in the line of its platinum-wire axis, 
or, more properly speaking, in such a position that the instrument shall give, 
when electrified, the same " earth-readings " when held in any positional 
either upright, or inclined, or inverted (§ 30 below). Thus the condition ot 
eqtdlibiium of the balance, when the hair is in its sighted position^ is that 
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the moment of electric attraction round the axis of suspenBion shall be equal 
to the moment of the couple of torsion, the latter being as constant as the 
properties of the matter concerned (platinum wire, brass stretching-springs, 
&c.) will allow. 

§ 24. The guard-plate carrying, by the platinum- wire suspension, the alu- 
minium balance, is attached to the bottom of a small glass Ley den jar (m m); 
and is in permanent metallic communication with its inside coating of tinfoil. 
The outside tinfoil coating of this jar is in permanent metallic communication 
with the outside brass-protecting case. The upper open mouth of this case 
is closed by a lid or roof, which bears on its underside a firm frame projecting 
downwards. This frame has two V notches, in which a stout brass tube (o) 
slides, kept in the Ys by a properly placed spring (p) giving it freedom to slide 
np and down in one definite Ime*. Firmly fixed in the upper end of this tube 
is a nut (a, fig. 8), which is caused to move up and down by a micrometer- 
sorew. The lower end of the shaft of this screw has attached to it a convex 
piece of polished steel (6, fig. 8), which is pressed upon a horizontal agate 
plate rigidly attached to the framework above mentioned by a stiff brass piece 
projecting into the interior of the brass tube through a slot long enough to 
allow the requisite range of motion. This arrangement will be readily under- 
stood from the accompanying drawings. It has been designed upon obvious geo- 
metrical principles, which have been hitherto neglected, so far as I know, in all 
micrometer-screw mechanisms, whether for astronomical instruments or other 
purposes. The screw-shaft is turned by a milled head, fixed to it at its top 
outside the roof of the instrument, and the angles through which it is turned 
are read on a circle divided into 100 equal parts of the circumference (or 3°'6 
each) from a fixed mark on the roof of the instrument. The hole in the roof 
through which the screw-shaft passes is wide enough to allow the shaft to 
turn without touching it, and the lower edge of the graduated circle turning 
with the screw is everywhere verj- near the upperside of the roof, but must 
not touch it at any point. A second nut (c, fig. 8) above the effective nut fits 
easily, but somewhat accurately, in the hollow brass tube, but is prevented 
from turning round in the tube by a proper projection and slot. Thus the 
screw is I'endered sufficiently steady, with reference to the sliding-tube ; that 
is to say, it is prevented from any but excessively small rotations round axis 
perpendicular to the length of the screw-shaft ; and when the nut is kept 
from being turned round its proper axis, it forms along with the sliding-tube 
TirtuaUy a rigid body. A carefully arranged spiral spring presses the two 
nuts asunder, and so causes the upperside of the thread of the screw-shaft 
always to press against the underside of the thread of the effective nut, 
thus doing away with what is technically called in mechanics " lost time." 
In turning the micrometer-screw, the operator presses its head gently down- 
wards with his finger, to secure that its lower end bears firmly upon the agate 
plate. It would be the reverse of an improvement to introduce a spring 
attached to the roof of the instrument outside to press the screw-head down- 
wards, inasmuch as however smooth the top of the screw-shaft might be 
made, and however smooth the spring pressing it down, there would still be 
a very injurious friction impeding the proper settlement of the sliding-tube 
into its Ys. A stiff fork (q) stretching over the graduated circle is firmly 

* In ooniequexice of snggestions by Mr. Jenkin, it is probable that the spring may bo 
done away witb, and the Vb replaced by rings approximately fitting round the tube, but 
leftTUig it quite free to fall down by it« own weight. In consequence of the symmetrical 
potition of the convex end of the screw oyer the centre of the attracted disk, shght lateral 
motions of the tnbe produce no sensible effect on the electric attraction. 
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attached to the roof outsido^ to prevent the -screw from being lifted npbj 
more than a very small space, perhaps not more than -X of an inch at moBt 
In using the instrument, the observer should occasionally puU up the screw- 
head and press it down again, and give it small horizontal motions, to make 
sure that when he is using it it is pressed in properly to its Ys and down upon 
the agate plate. A long arm {d, figs. 8 and 9) (or two arms one above tlte 
other), firmly attached to the sliding-tube, carries a pointer which moves up 
and down with it. Two fixed guiding-cheeks on each side of this pointer 
prevent the tube from being carried round too far in either direction when the 
screw is turned : one of these cheeks is graduated so that each division is equal 
in length to the step of the micrometer-screw ; this enables the operator to 
ascertain the number of times he has turned the screw. These two cheeb 
must never simultaneously press upon the sliding-pointer ; on the contrary, 
they must leave it a slight amount of lateral freedom to move. If tlui 
does not amount to '36 of a degree, the amount of " lost time " produced by 
it will not exceed i^ of a division of the micrometer-cirde, and will not pro- 
duce any sensible error in the use of the instrument. A glass rod oemeoted 
to the lower end of the tube prolongs its axis downwards, and bears the 
continuous attracting-plate of the electrometer at its lower end. 

The object aimed at in the mechanism just described is to prevent the nut 
and other parts rigidly connected with it ixom any other motion than paralld 
to one definite line, and to leave it freedom to move in this line, unimpeded 
by any other friction than that which is indispensable in the arrangement 
for keeping the sliding-tube in it^ Ys. 

§ 25. If the inner tinfoil covering of the Leyden jar were completed up to 
the guard-plate bearing the aluminium balance, the long arm of this lever 
being in the interior of a hollow conductor would experience no electric in- 
fluence and no force from the electrification of the Leyden jar, or from 
separate electrification of the upper attracting-plate, or, more strictly 
speaking, the electric density and consequent electric force on the long arm 
of tho lever would be absolutely insensible to the most refined test we could 
apply, because of the smallness of the gap between the movable aluminium 
square and the boundary of the square aperture in the guard-plate. But to 
see the hair on the long end of the lever, and the white background with 
black dots behind it, a good portion of the glass under the guard-plate must 
be cleared of tinfoil outside and inside. Thus the electric potential of tho 
inner coating of the Leyden jar will not be continued quite uniformly over 
tho inner surface of the bared portion of the glass, and a disturbance affecting 
chiefly the most sensitive part of the lever will be introduced. To diminish 
this as much as possible without inconveniently impeding vision, a double 
screen of thin wire fences, in metallic commimication with the inner tinfoil 
coating and the guard-plate, is introduced between the end of the lever and 
the glass through which it is observed. 

^ 2Q. A very light spiral spring (r) connects the upper attracting-plate with 
a brass piece supported upon a fixed vertical glass column projecting down- 
wards from the roof of tho instrument. This brass piece bears a stout wire («), 
called the main electrode, projecting vertically upwards along the axis of a 
brass tube open at each end, fixed in an aperture in the roof so as to project 
upwards and downwards, as shown in fig. 9. 

§ 27. The top of tho main electrode bears a brass sliding-piece (i), which, 

when raised a little, serves for umbrella and wind -guard without disturbing the 

insulation ; and when pressed down closes the aperture and puts the elec&odo 

'^'itallic connexion with tho roof of the insti*ument. When the instru- 
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Betion, and is only known to exist in one fossil specimen. In this instrument 
he wire bearing tiie gold leaf was connected with a charged Leyden jar, and 
he semicyUnders with the bodies whoso difference of potential was to be 
mted. But various modifications of the divided- cylinder or divided-ring 
iJiBS with the axis vertical and plane of motion horizontal have done some 
pnotioal work^ and one species, the new quadrant electrometer (§ 6), pro- 
uses to become permanent. 

§ 44. The heterostatic principle in one form or other is essentiail to distin- 
(ouh between positive and negative. As remarked above (§ 42), the original 
type of this use of it is to be found in the old system of testing the quality 
cf the charge taken by the diverging straws or gold leaves of the electroscopes 
used for the observation of atmospheric electricity, which was done by 
Inringing a piece of rubbed sealing-wax into the neighbourhood, and observ- 
ang whether this caused increase or diminution of the divergence. A doubt 
which Btill exists as to the sign* of the atmospheric electricity observed by 
Professor Piazzi Smyth on the Peak of Teneriffe, is owing to the imperfection 
of this way of applying the principle. It is, indeed, to be doubted in any one 
instance whether it is not vitreous electricity that the rubbed sealing-wax 
acquires ; and, again (§ 2), it is not certain that the glass case enclosing the 
gold leaves, especially if very clean and surrounded by a very dry natural 
atmosphere, screens them sufficiently from direct influence of the piece of 
sealing-wax to make sure that the divergence due to vitreous electricity could 
not be increased by the presence of the resinously electrified sealing-wax if 
held nearer the gold leaves than the upper projecting stem. 

§ 46. The heterostatic principle has a very great advantage as regards 
sensibility over any simple idiostatic arrangement, inasmuch as, for infinitely 
imall differences of potential to be measured, the force is as the squares of 
the differences in any idiostatic aiTangement, but is simply proportional to 
the difference in every heterostatic arrangement. 



VI. Determination of the Dynamical Equivalent of Heat from the thermal 
effects of Electric Currents. By J. P. Joitle, D.C.L,f F.EJS,, Sfc, 

Sr W. Thomson, as long ago as 1851, showed that it was desirable to 
make experiments such as are the subject of the present paper. They have 
necessarily been delayed until a sufficiently accurate method of measuring 
resistance was discovered. Such a method having been described by Sir 
William, and carried out into practice by Professor C. Maxwell and his able 
coadjutors, the task assigned to me by the Committee of Electric Standards 
Was comparatively simple. 

My experiments were commenced nearly two years ago, atid the apparent 
ease with which they could be executed gave promise of their early com- 
pletion. It was, however, found essential that careful observations of the 
^rth's horizontal magnetic intensity should be frequently made, and these 
required the construction of apparatus whereby this element could be deter- 
mined with accuracy and rapidity. 

The apparatus finally adopted for this purpose consists of a suspended 
horizontal flat coil of wire between two fixed similar coils. A current of 
electricity can be made to traverse all three, communication with the sus- 

* inchoVs pydopiedia, article " Electricity, Atmospheric," edition 18^0. 
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ponded coil being made by the suspending wires themselrdj according to 
W. Thomson's plan. The strength of a current is found by observing 
sum of the forces of attraction and repulsion by which the suspended coiij 
urged. The strength of a current can in this manner be determined in 
solute measure ; for the area of each of the three equal coils being cs 
Oy the weight required to counterpoise the force with which the suspended 
is urged w, the force of gravity g, and the length of wire in each of the 

, the current <5=2ZV/ -^— (1 + correction), the correction being pnnci] 

due to the distance between the fixed coils. In my instrument, in whie 
this distance is 1 inch, the diameter of the coils being 12 inches and the 
interior core 4 inches, this correction was proved by experiment to 
•1185. 

There was, however, considerable difficulty in obtaining an exact measi 
of the distance between the fixed coils ; and I therefore judged that the m( 
sure of the currents used in_ the experiments would be most accui 
obtained by means of a tangent galvanometer, the above-described current 
meter being employed to determine the horizontal intensity. 

This determination was effected as follows : — ^Many careful observations 
of the horizontal intensity by an improved method on Gauss and Weber's 
system were made alternately with observations of the deflections of a 
tangent galvanometer and the weighings of the current-meter when the 
same currents traversed both instruments in succession. Then calling the ho-^ 
rizontal intensity H, the angle of deflection d, and the weighing w, there was 

H tan . j 

obtained a constant c= — 7=— = •17676. Hence with these instruments! 

WW 1 

^ '17676 »/ to J 

^" tan • < 

The experiments for the determinations of horizontal intensity by the use ^ 
of this formula could be effected in a few minutes, and did not require an j 
alteration in the disposition of any part of the apparatus. It was satisfao- , 
tory to find that, although the presence of masses of iron at only a few yards , 
distance made the field in which I worked considerably more intense than 1 
that due to the latitude, and although I worked at different times of the day, 
the highest intensity, out of upwards of seventy observations distributed over 
a year, was 3*6853, and the lowest 3'6607, indicating a much greater degree 
of constancy than might have been expected. 

The galvanometer above mentioned was that employed in the thermal 
experiments. It had a single circle of jLj-inch copper wire, the diameter 
of which, being measured in many places by a standard rule, gave a radius 
of •62723 of a foot. The needle was half an inch long, and furnished with 
a glass pointer traversing a divided circle of 6 inches diameter. In the experi- 
ments the deflections were not far from 26° 34', the angle at which the influ- ' 
ence of the length of the needle within certain limits is inappreciable. It 
was easy by a magnifier, arranged so as to avoid parallax, to read to one 
minute. The torsion of the fibre gave only 3''5 for an entire twist. The 
trifling correction thus required is applied to the recorded observations of 
deflection. 

The calorimeter first used was a copper vessel upwards of a gallon in 
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m the first, the observer must estimate the most probaMo o-irth -n^n^irp 

the moment -wlieii the liair iras in its sighted pt^ition. vr\\h thr ^^^r 
to and the metal case in connexion ^th the two K^dirff who«o diffi r< vco 
potential is to be measured. The estimated enrth-rcndinf; in to >h^ imli. 
Btod from the reading taken in connexion with the iKxIim \n ho (c*»(f<l. 
■ difference measures (§21) the required difTcronce of potrTitinl* Ik'I wfi'n 
m in nnits of the instrument. The ralue of the unit df tli(> iiiifninir'nt 
^ to be known in absolute electrostatic measure ; unri the diffV'n'iifp nf 
ding found in any experiment is to be multiplied by fhifi, whir-1i ia r-nll"'! 
1) the absolute coeflRcient of the instrument, to frive the r'"jiiir'"l dif- 
snce of potentials in absolute measure. It no hRjip«>n«i thAf. in th^ 
table electrometers of the kind now descril^.-'l w)ii/h hnr^ >»^'/n ^li^^^^fo 
stracted, the absolute coefficient is somewhere »V/'it '^M. «o *h-it '^'V.f* fnrn 

the screw, or Iw divisions of the eircl", '^orrwf'.rid^ to *''.Tr)'*'.rh'^T'> 
fat one electrostatic unit, with a gramme P.r t?.^ ir.ir ^»f mii««, i ^/*nti- 
fcre for the unit of distance, and a s^'^yL^ for rh«*- nrnr '*»f "irr.'^ ; ^m^ th^^ 
Serent instruments differ from one awrth^r '.y :\.s nmi'^h a" r**:! ^r vvPTirv 
r cent, in their absol'aie o>e£En*T.;a. Ir. lil or* rhi'so f h:»v.^ f'Vind h/**'rorkn 
»e and four Daniell's w-lls vj vrrr^^wrA to :h»» unit '1i\-:««70!i : thnt -q to 
r, between three h-nndrtjd liC fv-.7 huTidred ?p119 ^o i r'liH riiri --f \\\o 
ew. Vith gre^ c&j*:. iLe :'*j»t*r^-»r nmy mon^ir** ■«7Tt*11 l!ff»»r»^«'*p« -f 
:entials bv this isi*ird»»Tin v, :i;i5 vnrh onr': -jf i iiv;«rn ''--r ^o .ifjr,»if- 
If a Daniell*5 CflZi. TBTii'i \ r^rr 3io,d»>r.iri* itttvit!*^ ^?' •)ri''tipp ^^^i{ .^r.^ 

error of as mn-jL t* b Lilf ii'risii:»i may ■i'» i^-"»Tdpd in '»?rli r^^ jrivi?. 
5 32. But thert art in"5«r4ii;Tiia» in "b»* i.n«Jtr'im''n» '.^^r^f r'nVii imV*^ 1; 
Bcult or irapKiS?.ijt£r ii- «isiirr» -ary jiinute \on\r\r^-. ^^^\'\\h: in .T?'^'i«'i:?''^-. 
Hits throng^ widt zoiciH^ 

^1) In ihe fepBL ^liuw. r im :ior ^rn 'h^^f- -lio ^^^i\ <? Y^ ipo.pn 
nying the Lfcii » ^ciwf<r«*d flitfir-i*«TitlT- >»- hp r'.r'* :piir».-a -s '."• •", «-. 
metric distwTtiici^ft *i irn^*:!!!* israin«r m"^ •rr'^T iVr-m i-..c .-i- ,-» •' :. v 
BdUy intrci23iy»* wranm .rmsriiantips. 

^2) In ti* Kiu'.mt ijju?.«. "1ip 'nTwr-iry .t^ ^p ;•" r ^o —:''"' jr.^/"' 
stromenS i* iiin flilfli<:i?nf '» -wirnr'* Imt ht* ^rr.-^'-' -^ ^* /-■ ,■ ''"i ;,' 

fidl not £iS£C KUiiibi*-* T!fh ~!jp iitPcTM^i- :ijt>i-rk^:? - •'' =.-'^ *''/'. d ' 

biougi!! V.' 'iiUJini?i3 Mh? iliimininni ptt.t I-*!-', ;-.^ . .• , . ■ .] ■ ; ^ 
>on. Bd '.a -iw mmt t .a o i» v.-r-ioft-.-* • >• 4- ■ . - ■ ^./. 

3 upper wjiu'fl It' hf rcflT'"'-'!-'^'^ j n rj ■• • • ! r-' , , 

*eii diifr iiiii' -H .n .i^ i^br*-?"? .f^-'-"'^""-. ■ .-ni • ■ ■' ,';. 

^ rian- ■;:;rr.'»snnnnirjsf ■• ■.;^"« •■•■•- :.♦.>-- ^' . ' ,1 •■ 

■ 

^ Qimrt ii' \u* r*Tf-v iT.»" ^'■■- ' ■ ' ■*! * 

» *ocr,rriini» i* Iip iwf'»T»'.'^ • 7' ' ■ f 

' tile '»ni«* nav p .^on-r^- -• ■'• ■ ' .. « ' 

■ 
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the indionUons. In moat ot tha inatrumonta hitherto made I have f< 
that Iho wormtli of tho hand produces in a fow minutes a very notable 1 
mentation of the earth-rending (as it woro un increased charBo ii ' J 
but in the last instrument which I have tested ("White No. 18) I find 
reverse effect, tho earth -reading becoming smalloc as the instnim 
warmed, or lai^or when it in cooled. I have ascortainod that theos ol 
are not duo to changes in tho electric capacities of the Lejden jars; a 
have found that the change, if any, of specific inductive capacity of gl 
change of temperature is excessively small, in comparison to what woi 
required to account for the temperature errors of these instruments, V 
probably must be duo te thermo-olastio properties of the platinum witi 
of tho stretching-springs, or of the aluminium balance -lever, or to a ( 
bination of the efiects depending on sueh properties ; but I bavocndeavu 
in vain, for several years, mid made many osperimenta, to discover the pr« 
cause. It surely will bo found, and means invented for remedying the ai 
now that I have an inatrument in which the error is iu the oppo^ 
direction to that of most of the other instruments. It is of course m 
greater in some inatrumenta than in others : in some it is so groat that i 
earth-reading is varied by as much as twenty divisions by the warmth of 
hand in tho course of five or ten minutes after commencing to use 
instrument, if it has been previously for some time in a cold place. It* 
fluonco may be eliminated, not quite rigorously, but nearly enough so for I 
practical purposes, by frequently taking earth -readings (§ 30) and procee 
according to the directions of § 31. 

(4) A fourth fault in the portable electrometer is, ttat the diameter 
the guard-plato and upper attracting- disk, which ought to be infinite, are 
sufficiently great, in proportion to the greatest distanoe between thorny 
render tho seale quite uniform in its electric value throughout. A cad 
observer, however, will remedy the greater part of the error duo to i 
defect, by measuring esperimentnlly tho relative (or absolute) values of 
seale- division, in different parts of the range. There will, hovpever, ren 
uncorrected some irregularity, due to influence of the distribution of e 
tricity ovor tho uncoatud inner surface, in the instruments as hitlierto nil 
in all of which the inner surface of tho jar is coated with tinfoil only be 
the guard'plato, so that tho upper surface of tho guard^plate may he n 
clearly, in order that the observer may always see that all is in order ab 
the aluminium square and aperture round it ; and particularly that t' 
are no injurious shreds or minute fibres. But tho irregular influenee of 
electrification of the uncoated glass, if found sensible, will be rendered ins 
Bible by continuing the tinfoil coating an inch above the upper surfiioe 
the guard -plate. 

§ '63. All faults, except the temperature error, depend on the smallnea 
the instrument; and if the observer chooses to regard as portable an inst 
ment of thirty centimetres {or a foot) diameter, with all other dimensi 
and all details of constructiou the same as those of the instrumont descri] 
above, he may have a portable electrometer practically free from three of 
four faults described. But it is scarcely to be expected that a small ii 
ment (12^ ceutimetres high, and 8-^ centimetres in diameter) which may 
carried about in the pocket can be free from such errors. They C 
however, so far remedied as to be probably not perceptible in tho 1 
stationary instrumont which I now proceed to describe. 
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Standard Electboheteb. 

( 84. Thiflinstrumont (i^. 12, 13, & 14, Plate VI.) differs from the portable 
■lotiometer only in dimensions, and in certain mechanical details, which are 
gtnged to give greater accuracy by taking advantage of freedom from the exi- 
^pidea of a small portable instrument. It is at present called the standard 
iflpotrometer, in anticipation of either remedying or of learning to perfectly 
Dow for the temperature error, and of finding by secular experiments on the 
kaitioity of metals that their properties used in the instrument are satisfactory 
m zcigards the permanence from year to year, and from century to century, of 
biB electrio value of its reading. It is an instrument capable of being applied 
rith great ease to very aoourate measurements of differences of potential, in 
■tiDB of its own unit. The value of the unit for each such standard instru- 
IWit ought, of course, to be determined with the greatest possible accuracy 
II absolate measure ; and until confidence can be felt as to its secular con. 
iiaoy, determinations should' frequently be made by aid of the absolute 
Seotrometer. 

§ 35. The Ley den jar of the standard eleotrometor consists of a largo thin 
riute-glass shade coated inside and outside to within 6 centimetres of its lip, 
tad plaoed over the instrument as an ordinary glass shade, to protect against 
loit, ourrents of air, and ohange of atmosphere. It may be removed at plea* 
Bare from the cast-iron sole of the instrument, and then the interior works 
ue Men, eonsisting of: — 

(1) A continuous disk of brass supported on a glass stem, in prolongation 
rf a stout brass rod or tube sliding vertically in Ys, in which it is kept by 
m spring, and resting with its lower flat end on the upper end of a micrometer- 
■orew ahaft, shown in fig. 13, where the screw, graduated circle, and stout 
fanai rod are as seen in the instrument ; the perforated brass disk (which is 
intended to keep the round upper end of the screw-shaft in position) is 
■hown in section in fig. 14. 

(2) Besting on three glass columns, a guard-plate with a square aperture 
ia its oentre, and carrying on its uppersido stretching-springs and thin plati- 
Kom-wire suspension of an aluminium balance-lever, shaped like those of the 
Sange (§ 13) and the portable electrometer (§ 23) already described, but some- 
irhat liurger. The tops of the three glass columns are rounded ; a round hole 
«Bd a short slot in line with this hole are cut in the guard-plate and receive the 
ammded ends of two of the columns, which are somewhat longer than the third, 
^he flat smooth lower surface of the guard-plate rests simply on the top of 
Hiid third glass oolunm. The diameter of the round hole and the breadth of 

1 
Hie slot in the guard-plate may be about--7^ of the diameter of curvature of 

the upper hemispherical rounded ends of the glass column, so that the 
bearing portions of the rounded ends in the round hole and in the slot re- 
spectively may be inclined somewhere about 45° to the plane of the plate. 
This well-known but too often neglected geometrical arrangement gives 
'perfect steadiness to the supported plate, without putting any transverse 
itnin upon the supporting glass columns, such as was almost inevitable, and 
Mused the breakage of many glass stems, before mental inertia opposing 
deviations from the ordinary instrument-maker's plan (of screwing the guard- 
{late to brass mountings cemented to the tops of the glass columns) was over- 
come. It hsB also the advantage of allowing the guard-plate to be lifted off 
ind replaced in a moment. 
(8) Piindpal electrode projecting downwards through a hole in the sole 
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tan 79 395 


tan 52 33-3 


tan 52 93 


59»5 


586 


1*0192 


tan 71 395 


tan 47 J7'o6 tan 46 55*6 


486 


485 


1-0198 


tan 70 16 


tan 46 i8'i 1 1 tan 45 57*4 


54-68 


57*4 


1-0194 


tan 71 54*33 


tan 47 7*66 


tan 46 4593 






1*0198 


tan 61 6 


tan 41 3043 


tan 41 1 3*46 






I '0187 


Average 








1-OI938 



Tho average temperature of the calorimeter in the experiments being 
13°*55 Cent., and that at which the unit was adjusted 14^*5, the resistance 
during the experiments must have been 1*01906, which is equal to 33434330 
in British measure. 

The correction to be applied to the thermometer immersed in air as de- 
duced from the above Table is given by ^^^'^1;^^==^^'^+^^, whence 

.rss —1*1835. It appears also that a difference between the temperatures of 
the calorimeter and air-registering thermometer so corrected, equal to 10-822^ 
gives tho unit effect on the former. 

Hence the corrected indication of the air-thermometer in the second series 
of thermal experiments wiU be 349-63 -1-1835 =348-4465. This being 
12*5345 in excess of the temperature of the calorimeter, the corrected 

thermal effect will be 25-65-3^^^5= 24*4917, whidi, after a smaU furthex 

10-822 > . > 

correction for the immersed stem, becomes 24*512. 

The thermal capacity in this second series was made up of 95561 graaic^s 



Second Series of Thermal Experiments, 



Date. 


Deflection. 


tan«. 
Deflection. 


Tempera- 
ture of 
air. 


Tempera- 
ture of 
water. 


Bise of 
tempera- 
ture. 


Horiaonfc^*' 
intensity— 


1866. 


^ 












Sept. 21 ... 


29 51*68 


•329623 


397*4 


363-4* 


30*38 


36668 


„ 22... 


28 584 


•306585 


362-51 


348-06 


2695 


3*6707 


M 45 — 


29 1463 


•313472 


34519 


386*94 


1975 


3*6714 


„ 26 ... 


29 51-46 


•329525 


370-84 


35064 


29*92 


36644 


„ 27 ... 


28 5478 


•305064 


36591 


361*71 


2588 


3*6665 


Oct. 5 ... 


29 5-05 


•309393 


38066 


387*57 


2499 


3'66i2 


ff 6 ... 


28 22*54 


•291761 


42655 


392*77 


17*40 


3-6688 


»> ... 


28 8*74 


•286198 


338*49 


335*54 


14*04 


36595 


„ 19... 


28 42*81 


•300074 


39856 


33235 


31*08 


3-6659 


„ 20... 


27 40*13 


•274910 


395*18 


361*90 


26-08 


3*6654 


„ 22... 


26 40*5 


•252409 


37i*7» 


38863 


19-J2 


3*6702 


„ 23... 


27 28*1 


•270252 


320*07 


318*09 


22*55 


3*6638 


„ 25... 


27 9*63 


-263230 


*75-65 


286*25 


20^98 


3*6610 


ft 16 ... 


27 42-56 


**75855 


»49*75 


157*54 


22*15 


3*6623 


» a? ... 


28 7-84 


-285838 


24596 


247*27 


13*57 


3-6641 






-292946 


349*63 


335*912 


25*65 


36656 / 



:^f 
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Another source of error which, though it would be finally eliminated by 
frequent repetition of the experiments, it seemed to be desirable to avoid, 
was the hygrometric quality of the cotton-wool which enveloped the calori- 
meter in the second series of experiments. I therefore sought for a material 
which did not present that inconvenience. The plan finally adopted was to 
cover the calorimeter first with tinfoil, to place over that two layers of silk 
net (tulle), and to finish with a second envelope of tinfoiL 

A third source of possible error was the circumstance that the silver- 
platinum alloy, when made positively electrical in distilled water, is slowly 
acted upon, an oxide of silver as a bluish-white cloud arising &om the metal, 
while hydrogen escapes from the negative electrode. On this account the 
coil in tiie experiments of the last series, as well as the subsequent, was well 
varnished. But it was found at the conclusion of the experiments that the ] 
varnish had in a great measure lost its protecting power. This circumstance 
gave me considerable anxiety : I was, however, ultimately able, by the fol- 
lowing &ct8 arrived at after the thermal experiments were completed, to 
satisfy myself that no perceptible infiuence had been produced by it on the 
results : — 

1st. The resistance of the coils, after long-continued use had deteriorated 
the varnish, was not sensibly less than it was after they had been freshlj 
varnished. 

2nd. The coil of the 3rd series was, in the unprotected state, immersed 
in distilled water, and compared with many hundred yards of thick copper wire, 
unimmersed, having nearly equal resistance. The result showed that the 
resistance to the current was sensibly the same whether a single cell or five 
cells of Daniell in a series were used. Now, had any considerable leakage 
by electrolytic action taken place, it would have been very much less in pro- 
portion in the former than in the latter instance. 

drd. When the coils of the second and third series, in the unprotected state, 
were placed in distilled water, and made the electrodes of a battery of five 
cells, the deflection was 40' of a degree on a galvanometer with a coil of 
17 inches diameter composed of 18 turns of wire. This deflection indicates 
a current of about j^-^ of the average current in the thermal experiments. 
In this case the chenucal action was distinctly visible, but quite, ceased to be 
so when the electrodes were connected by a wire of imit resista^ice, so as to j 
reduce the potential to that in the thermal experiments. ^ 

4th. The coil of No. 2 series being used as a standard, that of No. 3 
series, in the unprotected condition, was immersed, first in water, then in^ 
oil. The resistance to the current of five Darnell's cells was found to b0 
sensibly equal in the two cases. 

Hence there could be no doubt that the loss of heat during the experi- 
ments by electrolytic action could not possibly in any instance have been so 
great as one-thousandth of the entire effect, and was probably not one 
quarter of that small quantity; whilst in the larger number of experiments, 
when the varnish was fresh, it must have been nS. 

The coil used in the third series of experiments was made by bending 
four yards of platinum-silver wire double, and then coiling it into a spiral, 
which was supported and kept in shape by being tied with silk thread to a 
thin glass tube. The terminals were thick copper wires, and the whole was 
coated with shellac and mastic varnish. The following' results were ob- 
tained for its resistance. In the first three trials the current was measured 
'anometer with a circle of nine turns 17 inches diameter, and in the 
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The above average reebtance, reduced to 18^*63 C, the mean temperati 
in the third series^ is -98953 of the Association unit, or in British measoi 
32465480. 

In the third series, the experiments for the heat of the corrent, of radii 
tion, and for horizontal magnetic intensity were alternated in such a mam 
that each class occupied the same portions of the day that the others did. 
sought in this way to avoid the effects of any horary change in the hmnidi 
&c. of the atmosphere or in the magnetic force. Of the thirty experimei 
comprising each class, six were performed at about each of the sevend houn 
11 A.M., 12 j P.H., li| P.H., 4 P.M., and 5| p.h. 

The calorimeter, protected as already described, was supported on i 
edges of a light wooden frame. It was carefully guarded against draug 
by screens coated with tinfoil placed at a foot distance. The stirrer C( 
sisted of a vertical copper rod, to which vanes, on the plan of a sere 
propeller, were soldered at four equidistant places. The rod exten 
2 inches above the calorimeter, and was there affixed to a light wooden si 
2 feet long, attached at the upper end to the last spindle of a train of clo 
wheels. The weight was 35 lbs., which, falling about 2 feet per hour, i 
duced a continuous revolution of the stirrer at a rate of about 200 in 

Third Series of Madiaiion Expenments, 





Date. 


Temperature 
01 air. 


Temperature 
of water. 


Bise of 
temperature. 


Fall of weig 




1867. 




• 




in. 


June 28, 10.38 A.M. 


460-527 


481*990 


— 1-48 


31 


» 


28, 3.53 P.M. 


513-687 


506770 


0-75 


28-2 


II 


29, 11.55 A.M. 


493*088 


473*930 


1-82 


28 


II 


29, 4.40 P.M. 


526-185 


508-480 


1-88 


285 


July 


I, 1.23 


469-368 


442-114 


2-46 


27*5 


»i 


2, 10.58 A.M. 


404-842 


439-790 


—2-82 


27 


11 


2, 4.5 P.M. 


401-779 


450-930 


-4'i 


28*5 


t» 


4, II.46A.M. 


492-210 


427*517 


5*97 


28 


II 


4, 4.42 P.M. 


541-007 


484927 


5*1 


265 


11 


20, I.O 


416-237 


409-044 


1*03 


2875 


II 


22, 1 1.5 A.M. 


474*393 


439-140 


3*32 


30 


II 


22, 3.50 P.M. 


486-267 


480-106 


0-8 


2875 


II 


23, 1 1. 41 A.M. 


451-029 


456*947 


— o-i 


28*4 


II 


23, 4.49 P.M. 


475-319 


486-113 


—0*65 


285 


II 


24» "-54 


441677 


460-780 


-r48 


265 


11 


25, 10.40 A.M. 


435-863 


410-237 


2-43 


28 


II 


25, 3.27 P.M. 


515-653 


460939 


5*03 


288 


i» 


26, 11.29 A.M. 


.441-256 


447-526 
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part of the thermometer-stem^ the corrected thermal efiect in the third 
ia found to be aO-5821. 

The average capacity of the calorimeter was equal to that of 93859 1 
of water, being made up of 91531 gra. distilled water, 22364 gn. of 
486 gTB. of tin (the wei^t of the coating next the calorimeter), 52 gn. i 
net (half that employed), the thermometer, coil, and corks. 

The equivalent deduced from the third series is therefore 



r -62723 
16-2832^'^*^'^' 



t 



X -35478 X 32465480 X 3600 

=25217. 



12-951 ^^^ 

The equivalents above arrived at are :-^ 

From Series 1. Average of 10, 25335. 

From Series 2. Average of 15, 25366. 

From Series 3. Average of 30, 25217. 

The extra precautions taken in the last series entitle the last figure to 

be taken as the result of the inquiry. Beduced to weighings in vociio it 

becomes 25187. 



SIXTH REPORT— EXETER, AUGUST 1869. 

The Committee consists of Professor Williamson, Professor Sir C. Wheatstone, 
Professor Sir W. Thomson, Professor W. A. Miller, Dr. A. Matthiessen, 
Mr. Fleeming Jenkin, Sir Charles Bright, Professor Maxwell, l£r. G. 
W. Siemens, Mr. Balfour Stewart, Mr. C. F. Varley, Professor G. C. 
Foster, Mr. Latimer Clark, Mr. D. Forbes, Mr. Charles Hockm, a ' 
Dr. Joule. 

Thk Electrical Standard Committee have this year had comparatively few 
meetings, and the results of the experiments made by the in^vidual Mem- 
bcrs do not call for a Report of any length. It is, however, thought desi- 
rable to print at once, as Appendices, the important results obtained by 
Professor Clerk Maxwell, in determining the ratio of the electromagnetic 
and electrostatic series of units, and also a description of Sir Wm. Thom- 
son's experiments on the same subject. 

DeHcription of Sir Wm, Thomson's Experim^ents made for the Determination 
of v, the Number of Electrostatic Units in the Electromagnetic Unit, By 
W. F. Kino. 

'llio two principal pieces of apparatus used in these experiments were the 
aliHolute olcctn^meter and the electrodynamometer. The former of these in- 
HtninK^ntH was described at the last Meeting of the Association, and ^ 
<leHcrij)tion of it is printed in the Report. Plate VII. illustrates the 
arrangementH described in what follows. 

The clec-trodynamomotor consists of two large coils of fine copper wire, 
and a smaller coil of still finer wire. The two large coUs are about 30 
centims. diameter, and are placed vertical, in planes parallel to one another 
the distance between the large coils is 15 centims. (equal to their radius) 
The smaller coil is suspended between the large coils by a copper wire o 
'Hskness as to give the coil a time of vibration such that it com 
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i'tes a period in about thirteen seconds. The upper end of the suspending 
is attached to a milled head, and this head can be turned round by the 
The lower end of the wire is firmly fixed to the coil, and is in 
ktallic connexion with one end of it. To the other end of the coil is 
Ldered a spiral of very fine platinum wire, which hangs directly below the 
m2, and its lower end is cemented to the dry woodwork of the instrument. 
> the fixed end of the spiral coil a copper wire is attached, whose other end 
soldered to a binding-screw in an accessible position. 
On one side of the small or movable coil is fixed a plane mirror, and in 
"ont of the mirror, at a distance of about 450 centims., the scale is fixed on 
liich the observations are read. A paraffin-lamp wire, to give dark line in 
Kxage of flame, and lens are used in the ordinary way for finding accurately 
DL€ angle through which the coil turns. It is never greater than *05. Its 
me amount can be determined to within ^j^ per cent. 

The connexions are not very intricate, and are traced thus: — Starting 
rom one pole of the battery (the battery used was sixty sawdust Daniell's 
Kx series), the current goes in at one end of large coil l^o. 1, and from the 
^tlier end of l^o. 1 the current goes to either end of the movable coil ; and 
ihe end of the movable coil at which we suppose the current to be coming 
>nt is connected with the end of No. 2 large coil, similar to the end of l^o. 1, 
x> which the battery was first attached, that is to say, the end which will 
cnake the current go round in the same direction in both the large coils. 
VSThen the current leaves the extreme end of No. 2, it passes through a 10,000 
fi.A. resistance-box ; the current is completed by connecting the other end 
of the resistance-box with the pole of the battery not already engaged. 

The absolute electrometer is used in the ordinary way for measuring dif- 
ferences of potential, and its electrodes are connected, one to the end of the 
dynamometer coil No. 1, which is joined to the battery, and the other elec- 
trode is fixed to the end of the resistance-box, which is connected to the 
other pole of the battery. Thus the greatest difference of potential in the 
arrangement is measured by the absolute electrometer. An electrometer- 
key is used to reverse these connexions in the course of the experiments. 

There is only one other part of the arrangement to be explained, and that 
is the method of observing the resistance of the dynamometer coils while the 
experiments are going on. This was done by means of the resistance-box in 
the circuit and an electrometer. At one time the standard electrometer was 
used for this purpose, but more lately the quadrant, rendered unsensitive, 
was employed. Both these instruments are described in the last Eeport. 

To take the resistance of the coils, the electrodes of the electrometer were 
first placed on the extreme ends of the three coils, and the difference of 
potential was ascertained. The electrodes were then shifted to the ends of 
the resistance-box, and the difference of potentials of its two ends was found. 
This gives at once the resistance of the coils. 

There are two things which have to be done before the experiments are 
commenced. One is the determination of the moment of inertia of the 
movable coiL This is done at the beginning and end of a long series of 
experiments, by comparing it with a ring whose moment of inertia is known. 
The other is done every day, and it is finding the time of vibration of the 
small coil after all the connexions have been made and the coil put into its 
place. This was done both with the current from the battery flowing 
through the coils and with no current flowing ; but this variation was of 
very little consequence, as no difference could be detected in the time. When 
the dynamometer is set up, care is taken to neutralize the effects of the 
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earth's nugDetisni by a lai^ nnmber of niagnet» fixed at a great distimnfl 
from the coiU. If the adjastment of the mogaeU is perfect, there is «m 
alterution of the position of the spot of light when the current is revenejl 
through the coils by the batlcry-key. Up to the preacnt time (May 1868jB 
variouB caiuos have prevented the obtoioment of as aatiafaotory results ea tbga 
method described above allows ua to expect, lillevea sets of experimenti, ■ 
made at various dates, from March 10 to May 8 of the present year, ban I 
indicated values for v, of which the greatest was 392x10'*, the amalletfl 
275-4X10'', and the mean 2825 xlU° centimetres per second. Sir W, I 
Thomson intends to continue the investigation, hoping to attain much gnaut I 
accuracy, 

[P.S. Nov. 1869. A new form of absolute electrometer has now hbi 
comjileted and brought into use, with good promise as to accuracy and dM- 
Tonience. A glass jar constituting the " Leyden battery " contains witWs it 
the " absolute electrometer " proper, the " idioatatic gauge," and Uie "n- 
pleniaher," One observer can use it effectively; although it is moreSMil; 
worked by two, one maintaining constant potential in the Leyden jar kf lid 
of tlie idiostatiu gauge and the replcniaher, and the other att«Ddii^ ID fte 
absolute electrometer (main balance and micrometer-screw). Tha BUtu 
balance, giving electric weighing in known weights, is as steady aei « 
easily used as any of the " attracted disk " electrometers, whether ptdtiUB 
or stationary, described in previous Beport«.] 
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on the Value of t, the Ratio of the Electromagnetie to Hifi llltt- 
trosuaie Unit of Efeetrieiti/. By J, Clbek ]!Iaxwell. 

The experiments coiiBietcd in obseTving the equilibrium between tiui d 
trostatie attraction of two disks, at a certain difference of potential, sndl^H 
electromagnetic repulsion of two coils traversed by a certain current, Stt. 
this purpose one of the disks, with one of the coils at its buck, was attadej 
to one arm of a torsion-balance, while the other, with the other coil et&t 
back, was capable of being move4 to various distuncea from the suspendai 
disk by a micrometer- screw. Another coil, traversed by the same cm 
in the opposite direction, was attached to the other arm of the ton 
balance, so as to do away with the effect of terrestrial magnetism. 

The fixed disk was larger than the suspended disk, and the latter, 1. ._ 
in its zero position, had its surface in the same plane as that of a "gTiai<^ 
ring," as in Sir "W. Thomson's electrometers. Its position and motion WB* 
observed by means of a microscope, directed to a graduated glass scale, ooor 
nected with the disk. When the microscope was adjusted so that lh< 
image of the zero lino on the glass scale coincided with the cross wires of tlAt 
microaco])e, the very smallest motion of the scale could he easily detecteA^ 
HO that the observations were very rapid. The disk was brought to zero 1^ 
the tangent-screw at the top of the suspension- wire, and its equilibrium K 
always observed at zero. The equilibrium, when the electrical forces we 
applied, was always unstable. This electrical balance was made by Jix^ 
Becker. The eiperimenta were made in the laboratory of Mr. Gassiot, wlw 
kindly gave the use of his great battery for the purpose. Mr. Willoughb 
Smith lent hia resistance -coils, of 1,102,000 ohms; Messrs. Forde aa 
Fleeraiug JenMn lent a galvanometer, a resistance-box, a bridge and a keyj 
and Mr. C. Hockin undertook the observation of the galvanometer, and Q 
Ivanometer, the resistances, and the micrometer-screw. 




e of potentials of the disks was compared with the euircnt ii 
IS follows; — Oneelectrodeof the great battery was connected with the 
l^k, and the other with the case of the instrument and the giiEird-ring . 

suspended disk. They were alao connected through the great re- 
ft B, and the primary coil of the galvanometer G shunted with a re- 
eS. 

pall Grove's battery was employed to send a current through the ihree 
id the secondary coil of the giilvano meter (i^. 




ended diai and coil. 
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S disk and coil. 
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;at away to show the interior. 
;r and shunts were 10 feet from 



ibriam of the electric balance was obtained by working the 

nd 80 adjusting the distance of the disks. At Iho same time equi 
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in France (vide Dafi^in, Jamin, Becquerel, De la Rive, and others). Theoa 
step woald naturally be, when comparing different circuits, to reduce all i 
nstances into a length of some one standard wire, though this wire m( 
not form part of all or of any of the circuits, and then to treat the unit lai| 
of that standard wire as a unit of resistance. Accordingly we find Leu I 
1838*) stating that 1 foot of No. 11 copper wire is his unit of resistanee,! 
that it is 19*9 times as great as the unit he used in 1833 f, which was se 
tain constant part of the old circuit. In the earlier paper the resistanceB ; 
treated as lengths, in the later as so many '* units." 

Lens appears to have chosen his unit at random, and apparently with) 
the wish to impose that unit upon others. A further advance is seen vl 
Professor Wheatstone, in his well-known paper of 1843:^9 proposes 1 fool 
copper wire, weighing 100 grains, not only as a unit, but as a standard of 
sistance, chosen with reference to the standard weight and length used in 1 
country. To Professor Wheatstone also appears due the credit of constn 
ing (in 1840) the first instruments by whi(^ definite multiples of the res 
ance-unit chosen might be added or subtracted at will from the circoitt- 
was closely followed by Poggendorff§ and Jacobi ||, the description of wl 
apparatus, indeed, precedes that of the Eheostat and Eesistanoe-coils, altho 
the writer understands that they acknowledge having cognizance of those 
ventions. Eesistance-coils, as the means of adding, not given lengths, 
given graduated resistances to any circuit, are now as necessary to the e 
trician as the balance to the chemist. 

In 1846 Hankel^ used as unit of resistance a certain iron wire ; in 1 
I. B. Cooke** speaks of a length of wire of such section and condact 
power as is best fitted for a standard of resistance. Buff ft and Horsfoi 
in the same year reduce the resistance of their experiments to lengths 
given German-silver wire, and as a further definition they give its vain 
compared with pure silver. To avoid the growing inconvenience of 
multiplicity of standards, Jacobi §§ (in 1848) sent to Poggendorff and ot 
a certain copper wire, since well known as Jacobi's standard, desiring 
they would take copies of it, so that all their results might be expresse 
one measure. He pointed out, with great justice, that mere definition o 
standard used, as a given length and weight of wire, was insufficient, 
that good copies of a standard, even if chosen at random, would be prefe: 
to the reproduction in one laboratory of a standard prepared and ke] 
another. The present Committee fully indorse this view, although the 
nition of standards based on weights and dimensions of given materials 
since then gained greatly in precision. 

Until about the year 1850 measurements of resistance were confined, 
few exceptions, to the laboratory ; but about that time underground 
graphic wires were introduced, and were shortly followed by submarine ca 
in the examination and manufacture of which the practical engineer 
found the benefit of a knowledge of electrical laws. Thus in 1847 the of 
of the Electric and International Telegraph Cotnpany used resistance 
made by Mr. W. F. Cooke, apparently multiples of Wheatstone's ori 
standard, which was nearly equal to the N'o. 16 wire of commerce ; anc 

* Posg. Ann. vol. xlr. p. 105. f Pogg. Ann. vol. rniv. p. 418. 

iPhil. Trans. 1843, vol. cxxxiii. p. 303. § ^ogg. Ann. vol. lii. p. 511. 

Pogg. Ann. vol. lii. p. 526, vol. liv. p. 347. ^ ^ogg. Ann. vol. liii. p. 255. 
•• Phfl. Mag. New Series, vol. xxx. p. 385. ft Pogg. Ann. vol. Ixxiii. p. 497. 
tt Pogg' Ann. vol. Ixx. p. 238, and Silliinan's Joum. vol. v. p. 36. 
II Comptes Beados, 1851, vol. xxxiii. p. 277. 
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. Varley* states that, even at that date, he used a rough mode of 
banco testing." In 1850, Lieut. Werner Siemens t published two methods 
etermining, by experiments made at distant stations, the position of " a 
i" — that is to say, a connexion between the earth and the conducting- 
> of the line at some point between the stations. In one of these plans a 
itance equal to that of the battery is used, and the addition of resistances 
flo suggested ; and Sir Charles Bright, in a Patent dated 1852 J, gives an 
mi of a plan for determining the position of a fault by the direct use of 
itance-coils. Since that time new methods of testing for faults and of 
nioing the quality of materials employed, and the condition of the line, 
3 been continually invented, almost all turning, more or less, on the mea- 
ment of resistance ; greater accuracy has been continually demanded in 
idjustment of coils and other testing-apparatus, until we have now reached 
int where we look back with surprise at the rough and ready means by 
jh the great discoveries were made on which all our work is founded, 
be first effect of the commercial use of resistance was to turn the " feet '* 
le laboratory into " miles " of telegraph wire. Thus we find employed 
nits, in England the mile of No. 16 copper wire§, in Germany the German 
of No. 8 iron wire, and in France the kilometre of iron wire of 4 milli- 
es diameter. Several other units were from time to time proposed by 
isdorf II, Jacobi1[, Marie-Davy**, Weber ft, W. Thomson JJ, and others, 
a gradually increasing perception of the points of chief importance in a 
lard ; but none of these were generally accepted as the one recognized 
ure in any country. To remedy the continually increasing evil/ arising 
the discrepancies invariably found between different sets of coils, Dr. 
ler Siemens (in 1860 §§) constructed standards, taking as unit the re- 
ice of a column of chemically pure mercury 1 metre long, having a sec- 
equal to 1 millimetre square, and maintained at the temperature of 0° 
grade || ||. Dr. Siemens supposed that this standard could bo reproduced 
Hit much difficulty where copies could not be directly obtained. Mer- 
had been proposed before as a fitting material for a stardard by JMarie- 
and De la Kive ; but Dr. Siemens merits especial recognition, as the 
and apparatus he issued have been made with great care, and have ma- 
ly helped in introducing strict accuracy 1[1[. 

e question had reached this point when (in 1861) the British Associa- 
at the suggestion of Professor W. Thomson, appointed a Committee to 
mine the best standard of electrical resistance. This Committee, aided 
grant from the Koyal Society, has now issued a new standard, the sub- 
if the present paper. • 

0tter to writer, 1865. t ^ogg. Ann. vol. Ixxix. p. 481. 

atent No. 14,331, dated Oct. 21, 1852. 

. size much used in underground conductors, and equal in resistance to about double 

igth of ^e common No. o iron wire employed in aerial lines. 

iebig's Ann. vol. Ixxxv. p. 155. T[ Pogg. Ann. vol. Ixxviii. p. 173. 

nn. Chim. et Phys. 3rd series, vol. ix. p. 410. tt Pogg. Ann. vol. Ixxxii. p. 337. 

hiL Mag., Dec. 1851, 4th ser. vol. ii. p. 551. §§ Pogg. Ann. vol. ex. p. 1. 

Ir. Siemens, while retaining his definition, has altered the value of his standard 

2 per cent, since the first issue ; and it is doubtful whether even the present standard 

ents the definition truly : his experiments were made by weight ; and in reducing 

(ults to simple measurements of length he has used a specific gravity for mercury of 

instead of 13596 as given by Regnault, 13-595 by H. Kopp, and 13o94 by Balfour 
t. (1873. The error due to this cause has since been corrected.) 

Many of the d^erent units described above were represented by resistance-coils in 
temational Exhibition of 1862 : vide Jury Eeport, Class XUL D. 83^ where Iheir 
e rallies are given : vide also Appendix A to present paper. 
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The writer has hitherto descrihed those units only whidh are fonnMi 
more or less arbitrary size and weight of some more or lees snitable mato 
but measurements of resistance can be conceived and carried out enii 
without reference to the special qualities of any material whatever. Inl 
Kirchhoff * had already effected a measurement of this kind ; but it is te 
Weberf that wo owe the first distinct proposal (in 1851) of a definite i^ 
of electrical measurements, according to which resistance would be meai 
in terms of an absolute velocity. This system of measures he called abw 
electromagnetic measure, in analogy with Gauss's nomenclature of abfK 
magnetic measure. The Committee have decided that Weber's propoi 
far preferable to the use of any unit of the kind previously described, 
ting aside the difficulties in the way of their reproduction, which are \ 
means contemptible, arbitrary material standards, whether of mercmy, j 
silver, platinum, or any other material, would be heterogeneous isolated i 
without any natural connexion with any other physical units. The unit 
posed by Weber, on the other hand, forms part of a symmetrical nil 
system, including both the fundamental units of length, time, and mass, 
the derived electrical units of current quantity and electromotive force. H 
over it has been shown by Professor W. Thomson $, who accepted and 
tended Webc's proposal immediately on its appearance, that the unit o 
solute work, the connecting link between all physical forces, forms part c 
same system, and may be used as the basis of the definition of the abs 
electromagnetic units. 

The full grounds of the choice of the Committee could only be expl 
by a needless repetition of the arguments given in the reports already 
to the British Association. It will be sufficient here to state that, in tb 
solute electromagnetic system, the following equations exist between th 
chanical and electrical units : — 



W=C^Ef, 



where W is the work done in the time t by the current C coi 
through a conductor of the resistance E. This equation expresses 
and Thomson's law. 






where E is the electromotive force. This equation expresses Ohm' 

Cl=Ct, 

expressing a relation first proved by Faraday, where Q is the quan 
electricity conveyed or neutralized by the current in the time t. PinaJ 
whole system is rendered determinate by the condition that the unit 
of the unit current must produce the unit force on the unit pole (Gai 
the unit distance. If it is preferred to omit the conception of magi 
this last statement is exactly equivalent to saying that the unit currei 
ducted round two circles of unit area in vertical planes at right angles 
other, one circuit being at a great distance D above the other, will c 
couple to act between the circuits of a magnitude equal to the recipr 
he cube of the distance D. This last relation expresses the proposa 
by Weber for connecting the electric and magnetic measure. These f 

m 5>1. Ixxvi. p. 412. t Ibid. vol. bmii. p. 337. 

f ., Deo, 1851, 4th series, toI. ii. p. 551. 
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311S serve to define thiB four magnitudes E, C, Q, and E, without reference 
iiy but the fundamental units of time, space, and mass ; and when reduced 
hese fundamental units, it will be found that the measurement of R in- 
r©s simply a velocity, i, e. the quotient of a length by a time. It is for 

reason that the absolute measure of resistance is styled r or -,« 

•^ second second 

sisely as the common non-absolute unit of work involving the product of 

eight into a length is styled kilogrammefere or foot-pound. The Com- 

bee have chosen as fundamental units the second of time, the metre, and 

mass of the Paris gramme. The metrical rather than the British system 

aiits was selected, in the hope that the new unit might so find better ac- 

;ance abroad, and with the feeling that while there is a possibility that 

may accept foreign measures, there is no chance that the Continent wUl 

pt ours. The unit of force is taken as the force capable of producing in 

second a velocity oif one metre per second in the mass of a Paris gramme, 

the unit of work as that which would be done by the above force acting 

>ugh one metre of space. These points are very fully explained in the 

tish Association Report for 1863, and in the Appendix C to that Report 

Professor J. Clerk Maxwell and the writer, 

•he magnitude of the 3 is far too small to be practically convenient, 

the Committee have therefore, while adopting the system, chosen as 
ir standard a decimal multiple 10*° times as great as "Weber's unit 

millimetreX -^v, .. , ,, metre ^, . .. , 

^"le^^^J' ^^ ^^ *^®® ^ ^®*^ ^ *^® sec^' ^^ magnitude 
lot very different from Siemens's mercury unit, which has been found 
lenient in practice. It is about the twenty-fifth part of the mile of No. 
impure copper wire used • as a standard by the Electric and International 
ipany, and about once and a half Jacobi's unit*. 

t was found necessary to undertake entirely fresh experiments in order 
letermine the actual value of the abstract standard, and to express the 
le in a material standard which might form the basis of sets of resistance- 
B to be Tised in the usual manner. These experiments, made during two 
re with two distinct sets of apparatus by Professor J. C. Maxwell and the 
ter, according to a plan devised by Professor "W.. Thomson, are fully de- 
bed in the Reports to the British Association for 1863 and 1864. 
lie resxdts of the two series of experiments made in the two years agree 
bin 0'2 per cent., and they show that the new standard does not probably 
2r from true absolute measure by O'l per cent.f It is xiot far from the 
n of a somewhat widely differing series of determinations by "Weber, 
a order to avoid the inconvenience of a fluctuating standard, it is proposed 
; the new standard shall not be called " absolute measure," or described as 

metro 

lany 5- , but that it shall receive a distinctive name, such as the B. A. 

•^ seconds' 

,or, as Mr. Latimer Claik suggests, the " Ohmad "i ; so that, if hereafter 
coved methods of determination in absolute measure are discovered or 
er experiments made, the standard need not be changed, but a small co- 
lent of correction applied in those cases in which it is necessary to con- 

This last number may be 30 per cent, -wrong, as the "writep has neyer been in posses- 

of an «iithentieated Jacobi standard, and ban only arriyed at a rough idea of its value 

leries of published values which afford an indirect coirparison. 

^ide AjapeadJx B. 

Tote, 1873. The name Ohm has been adopted. 
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vert the B. A. measare into absolute measure. E^ery unit in popular M 
has a distinotive name ; we say feet or grains, not nnits of lengtii or nniitj 
weight ; and it is in this way only that ambignity can be avoided. T1m| 
are many absolute measures, according as the foot and grain, the millimflil 
and milligramme, the metre and gramme, &c. are used as the basis of ■ 
system. Another chance of error arises from the possibility of a mistake I 
the decimal multiple used as standard. For all these reasons, as well as I 
convenience of expression, the writer would be glad if Mr. Clark's propod 
wore adopted and the unit called an Ohmad. 

Experiments have been made for the Committee by Dr. Katthiessen, i 
determine how far the permanency of material standards may be relied a 
and under what conditions wires unaltered in dimension, in chemical compi 
sition, or in temperature change their resistance. Dr. Matthiessen has esti 
blished that in some metals a partial annealing, diminishing their reaistana 
does take place, apparently due to age only. Other metals exhibit no alta 
ation of this kind ; and no permanent change due to the passage of volts 
carrents has been detected in any wires of any metal — a conclusion contra! 
to a belief which has very generally prevailed. 

The standard obtained has been expressed in platinum, in a goldnsilT) 
alloy, in a platinum-silver alloy, in a platinum-iricQum alloy, and in mercur 
Two equal standards have been prepared in each metal ; so that should tb 
or accident cause a change in one or more, this change will be detected 1 
reference to the others. The experiments and considerations which have 1 
to the choice of the above materials are fully given in the Report to t 
British Association for 1864. The standards of solid metals are wires of tn 
0*5 millim. to 0-8 millim. diameter, and varying from one to two metres 
length, insulated with white silk wound round a long hollow bobbin, and th 
saturated with solid paraffin. The long hollow form chosen allows the co 
rapidly to assume the temperature of any surrounding medium, and theyc 
be plunged, without injury, into a bath of water at the temperature at wh: 
they correctly express the standard. The mercury standards consist of t 
glass tubes about three quarters of a metre in length. All these standa 
are equal to one another at some temperature stated on each coil, and lyi 
beiweon 14°'5 and 16°*5 C. None of them, when correct, differ more tl 
0*03 per cent, from their value at 15°-5 C. 

Serious errors have occasionally been introduced into observations by 
sistance at connexions between different parts of a voltaic circuit, as per 
metallic contact at these points is often prevented by oxide or dirt of s( 
kind. Professor Thomson's method of inserting resistances in the Wh( 
stone balance (differential measurer) has been adopted for the standards ; 
in the use of the copies which have been issued it has been thought 1 
sufficient accuracy would be attained by the use of amalgamated mere 
connexions. 

In the stan.iards themselves permanence is the one paramount qualit] 
bo aimed at ; but in copies for practical use a material which changes li 
in resistance witn change of temperature is very desirable, as otherwise m 
time is Ids!; in waiting till coils have cooled after the passage of a curr( 
moreover large correcaons have otherwise to be employed when the coils 
used at various temperatures; and these temperatures are frequently 
known with perfect accuracy. German silver, a suitable material in 
respect, and much used hitherto, has been found to alter in resistance, in s 
cases, without any known cause but the lapse of time, since the change 
been observed where the wires were carefully protected against mechan 
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ehemical injury. A platinura-silver alloy has been preferred by the Com-' 
to German silver for the copies ■which have been made of the standard. 
have been adjusted by Dr. Matthiessen so as to be correct at some 
i^rature not d&ering more than 1° from 15°-6 C. The resistance of 
icjanum silver changes about 0*031 per cent, for each degree Centigrade 
hhm the limits of 6°. above and below this temperature ; this change is even 
10 than that of German silver. The new material seems also likely to be 
ry permanent, as it is little affected by annealing. The form of the copies 
ft^e same as that of the standard^ with the exception of the terminals^ which 
9 simple copper rods ending in an amalgamated surface. Twenty copies 
rve been distributed gratis, and notices issued that others can be procured 
^m the Committee for £2 10s. The Committee also propose to verify, at a 
fe4dl charge, any coils made by opticians, as is done for thermometers and 
geometers at Kew. 

jDr. Matthiessen reports, with reference to the question of reproduction, 
at^ven weights and dimensions of several pure metals might be employed 
■r ims purpose if absolute dare were taken. The reproduction, in this man- 
K», of the mercury imit, as defined by Dr. Siemens, differs from the standards 
Bfued by him in 1864 about 8*^ per thousand if the same specific gravity 

* 3ii0rcury be used for both observations*. Each observer uses for his final 
line the mean of several extremely accordant results. It is therefore to be 
*ped that the standard will never have to be reproduced by this or any similar 
dhod. On the other hand, four distinct observers, with four different ap- 
iaatos, using four different pairs of standards issued respectively by Dr. 
idnens and the Committee, give the B. A. imit as respectively equal ta 
*€456, 1-0465, 1-0466, and 1-0457 of Siemens's 1864 unitf. It is certain 
Mri; two resistances can be compared with an accuracy of one part in one 
llndred thousand — an accuracy wholly unattainable in any reproduction by 
^fights and measures of a given body, or by fresh reference to experiments 
i» the absolute resistance. The above four comparisons, two of which were 
Ukde by practical engineers, show how far the present practice and require- 
icnts differ from those of twenty and even ten years ago, when, although 
le change of resistance due to change of temperature was known, it was not 
longht necessary to specify the temperature at which the copper or silver 
^dard used was correct. The difficulty of reproducing a standard by simple 
derence to a pure metal, further shows the unsatisfactory nature of that 
ystem in which the conducting power of substances is measured by compa- 
ison with that of some other body, such as silver or mercury. Dr. Matthi- 
ssen has frequently pointed out the discrepancies thus produced, although 
e has himself followed the same system pending the final selection of a unit 
Fiesbtance. It is hoped that for the future this quality of materials will 
brays be expressed as a specific resistance or specific conducting power re- 
ared to the unit of mass or the unit of volume, and measured in terms of 
le standard unit resistance, that the words conducting power will invariably 
B used to signify the reciprocal of resistance, and that the vague terms good 
id bad conductor or insulator wiU be replaced, in all writings aiming at 
sentific accuracy, by those exact measurements which can now be made with 
ir greater ease than equally accurate measurements of length; 

l^ere is every reason to believe that the new standard will be gladly ac- 
ipted throughout Great Britain and the colonies. Indeed the only obstacle 

• If Dr. Matthiessen uses the sp. gr. of 13-596, as given by Beguault, the difference from . 
r. Siemens's standard is 5 per thousand. 

t 1873. The value now adopted is 10486. 1 
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to its introductioii orisos from the difficulty of oxplaining to inc 
the unit is. The writer has hocn bo much perplexed by 
quostiony finding himself unable to answer it without cntermgj 
tiie subject of electrical measuremonty that he has been led tc 
following definitions, in which none but already established 

referred to. 

metro 
The resistance of the absolute ^ is such that the curi 

in a circuit of that resistance by the electromotive force due to ai 
1 metre long moving across a magnetic field of unit intensity*,] 
larly to the lines of force and to its own direction, with a velocii 
per second, would, if doing no other work or equivalent of woi 
that circuit in one second of time a total amount of heat eqnii 
absolute unit of work — or sufficient heat, according to Dr. Jc 
ments, to heat 0*0002405 g^ramme of water at its maximimlj 
Centigrade. 

The new standard issued is as close an approximation as couli i 
by the Committee to a resistance ten miUion times as great as fl 

ji. The straight bar moving as described above in a mi 

unit intensity would require to move with a velocity of tea 
metres pen second to produce an electromotive force which wouldl 
circuit of t^« xosistance of the new standard the same current i 

produced in the circuit of one r resistance by the olecti 

due to the motion of the bar at a velocity of one metro per se< 

locity required to produce this particular current f being in 

portional to the resistance of the circuit, may be used to measnie 

ance ; and the resistance of the B. A. unit may therefore be 

metres 

millions of metres per second, or 10^ r. 

second 

It is feared that these statements are still too complex to fulfil 
of popular definitions ; but they may serve at least to show how a 
may be used to measure a resistance by using the velocity with 
certain circumstances, part of a circuit must be made to move in 
duce a given current in a circuit of the resistance to be mc 
current in the absolute system is the unit current, and the work 
unit current in the unit of time is equal to the resistance of tho 
results from tho first equation stated above. 

Those who from this slight sketch may desire to know vaf^ 
subject will find full information in the lleports of the Commit 
British Association in 18G2, 1863, and 1864. The Committee 0? 
act with the view of establishing and issuing the correlative nS^ 
rent, electromotive force, quantity, and capacity, the standard 
for which will, it is proposed, be deposited at Kcw along wi*^ 
standards of resistance already constructed with the funds vot< 
Boyal Society. \ 

* OwiBB^ definition. 

t This current is tho unit current, and, if doing no other work or equiTal* 
^■*"^'". dflrrelo^, in a drouit of the resistance of the B. A. unit, heat equi^^ 
"'umti of work, or enongh to xsAsq Uxq \/ftmmT^t\aiQ ^€^405 eramm^ 
m cbnnfy l"" Centigrade. 
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CANTOR LECTURES. 

On Submarine Telegraphy. By Flkemuto Jenkin, Esq., C.K, FM.S. ^p 

[Delivered before the Royal Society of Arts.] 

LECTURE I. 

(Monday, January 29, 1866.) 

Tab iKStriATED Cokdtjctob aot) its Pkopebties. 

The lecturer stated that in the lectures be was about to deliver he shooU 
aim rather at spreading more widely the knowledge possessed by those prac- 
tically acquainted with submarine telegraphy than at announcing the latoit 
discoveries or most novel theories. 

1. Terms used: — Conductor, Insulator, Battery, Earth, Circuit, Current-^ 
Some elementary explanations were given with the view of explaining \hm 
terms. The action of a current on a magnetic needle, the simplest form d 
galvanometer and electromagnet were shown, with their application to practial 
telegraphy. The two sources of failure, viz. want of continuity in the con- 
ductor and want of insulation forming a short circuit, were explained. The 
reflecting galvanometer was exhibited as a means of indicating a feeble cunent. 

The following is a more detailed abstract of the rest of the lecture : — 

2. Component parts of Submarine Cable, — ^These are : — 1st, the conducting 
wire, generally formed of copper ; 2nd, the insulator, surrounding the con- 
ductor, generally india-rubber or gutta-percha ; 3rd, the outer covering, in- 
tended to give strength, and generally formed of a hempen serving, surrounded 
by iron wires, laid, as in the rope, round and round the core. 

3. Conductor, — (a) Mechanical Properties. — ^The conductor is almost univer- 
sally made of copper ; but a solid copper wire is apt to be brittle, breaking after 
being bent a few times ; interruptions occurred from this cause in early cables: 
this defect is wholly removed by the use of a strand of several wires, gene- 
rally three or seven. The tensfle strength of copper wire is in some boob 
given as 60,000 lbs. per square inch. That used for submarine cables, being 
selected for electrical rather than mechanical qualities, will only bear from 
35,000 lbs. to 39,000 lbs. per square inch. Copper stretches so much (10, 
11, 12, or 15 per cent.) before breaking that its full strength can seldom be 
made use of. This extensibility is, as will be seen, a very valuable property, 
preventing the interruption of the circuit until the strengthening part of the 
cable be fairly broken. The following are convenient approximate for- 
mula) : — A copper strand will bear 1^ lb. per pound weight per knot before 
breaking ; it v;ill stretch one per cent, with 1 lb., and will not stretch at all 
with 0*75 lb. per pound per knot : thus a strand weighing three hundred 
pounds per knot will barely support 450 lbs., will stretch one per cent, "with 
300 lbs., and will not stretch at all with 225 lbs. The weight of copper in 
lbs. per knot can be calculated from the diameter d in inches by the use of 
the following constants : — weight = 18500 cP for solid wire, or 15100 (?for 
strand. The joint of the conductor is made with great care : a scarf joint is 
made by soldering together two filed and fitted ends ; this joint is wrapped 
round with fine copper wire to give it strength, and solder is again run 
round this wire ; a second wrapping of fine copper is then applied and left 
without solder. The joirt is necessarily less extensible than the rest of the 
strand; if fordbly torn asunder the last 's^iw^^Vu^ ^i ^oY^^x TXi^Sa^^iaa. %^ 
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Appendix B. 

'he following Table shows the degree of concordance obtained in the sepa- 

I experiments used to determine the unit. The determinations were made 

observing the deflections of a certain magnet when a coil revolved at a given 

)d, first in one direction, and then in the opposite direction. The first 

mn shows the speed in each experiment ; the second shows the value of 

metres 
B. A. unit in terms of 10^ jr, as calculated from the single experi- 

its. A difference constantly in one direction may be observed in the 
les obtained when the coil revolved different ways. This difference de- 
led on a slight bias of the suspending thread in one direction. The third 
mn shows the value of the B. A. unit calculated from the pair of experi- 
its ; the fourth shows the error of the pair firom the mean value finally 
)ted. In the final mean adopted, the 1864 determination was allowed 
times the weight allowed to that of 1863. 



1. 

Hme of 100 revo- 
utions of ooil, in 
leoondf. 



17-54 

17-58 

77-62 

76-17 

53-97 

54-53 

41-76 

41-79 

5407 

53-78 

17-697 

17-783 

17-81 

17-78 

17-01 

16-89 

21-35 

21-38 

21-362 

21-643 

11-247 

16-737 



2. 
Value of B. A. unit in 

terms of 10^ j. 

second 

as calculated from 

each experiment. 



1-0121 
0-9836 
1-0468 " 
0-9613 
0-9985 \ 
0-9998 J 
0-9915 ^ 
0-9936 
0-9961 
0-9886 r 
0-9878 1 
1-0136 ^ 
0-9952 
1-0174 
1-0191 
0-9895 
1-0034 1 
1-0011 ^ 
0-9968' 
1-0096 
1-0424 1 
0-9707 



3. 

Value fW>m mean 

of eaxh pair of 

experiments. 



0-9978 
1-0040 
0-9992 
0-9925 
0-9924 

1-0007 
1-0063 
1-0043 
1-0022 
1-0040 
0-9981 



4. 

Percentage error of 

pair of obflervations 

from mean value. 



-0-22 
+ 0-28 
-0-08 
-0-75 
-0-76 
+0-07 
+ 0-63 
+ 0-43 
+ 0-22 
+0-40 
-0-19 



Probable error of E (1864) = 

Probable error of R (1863) > 

Difference in two values 1864 and 1863= 
Probable error of two experiments. 
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:0-l per cent. 
:0-24 
:0-16 
;0-08 
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gradually Baten mray, until metallio contmnity is inteirapted, and fi» 

oeaso3 to tranBmit mossngos. The cttirent from tho zinc pole does not 
duoe this ett'ect, but only a deposit of soda iji tho fault, which, howevor, 
allows ft greater leakage, tending to enlarge the hole in the gmtt 
Mr, C. P. Variey has proposed to twist up a fine platinum wire 
copper strand of long cables. This wire would maintain the commi 
ftt any point where tho copper might be eat«n away. 

4. Imuiator. — (a')OTilla-j>«rcha and CltatUrton'a Compound. — Gntta-I 
is pressed out, while warm and plastic, through a die round the cot ' 
Bereral snooeasTe coatings or tubes are thus applied, till tho desired t 
is obtained. Tho first coating is attached to the etrand by a aubatance 
as Chaltorton'a compoand, which is also used between each layer of 
porvha, and between the separate wires of the strand, to prevent tic 
Ution of water iJong tho intergtices-, in case any part of the eoppar 
bo Bccid»iitaUy immersed la water. 

(i) MtchanicaJ FnnHrties. — Gutta-percha has considerable tensile i 
bouuig aboivt 3500 lbs. per square inch of sectiou ; but, owing b> its 
ext<>nubUity,|it does not add more than about ono third of its whole sb 
to th«> copper sliaad. Roughly, it maybo said to add in small wxrea20p«i 
wid in Uiger casca 30, 40, or even 50 per cent, to the strength of tber 
stnuid: itwiJlstnjtohoOor 60 per cent, or more without breaJdng,bulJ 
Klwuya fttUs as soon as the copper inside gives way. It will bear ill-na»gfei 
W knotting, squoeitiitg, or stretching, without injnrj', but can bop' 
A •hup iustnimtmt or out by a knife without much difficulty. 
]v<Mmuv, >Uch as it sustains under water, improves its electrical 
•mtmvnting its insulation resistance, according to Mr. Siemens's i 
fthuul (Ui |i*r cent., at 24° C, for every tea pressure per square 
■wndinx ui>art^ to 1000 fathoms depth of water. It becomes soft «t itj 
I W'' l^aDr\'>nht<il, nnd ^ould, after manufacture, never be heated beyondwi' 
Thu jwut* nsiuimt um made bj heating the two ends of the coTend " 
(luotkUV after thtv owper ia joined, aJid applying by hand saccessivB oof 
of wwrai.^il aud Iklastio gutta-percha. Tho separato layers of gutU-E 
(W* rW I'vtuontml by Chatterton'a compound ; thus the joint is, when w 
\W,¥ uutilw to the rvst of the core. Estremo cleanliness and much AiHi _ ,_ 
Hwnilwvl iu uintLiitg tUwi' joints. Some years sinco the joints freqi*^ 
t/i\M, iwt Klvraxni wliiju just made, but after some months, becoming harfO 
hlttlv, Mlut «hrtuktnjc> so ua tu leave a gap between tho old andnewmatdi 
'I'kt' )ti\>M<w M »ow thiiruugUy understood, and is a safe one in sliced hi> 
W\ \n kliitlMl liMuts lUkly. 

(t\ Imlitt^nthhn-, — Thiw matcriitl is applied in many ways ; mostcomw 
\tt\wi> nr iuKiilti,iMU<it or Wnlij-rubber arc wrapped round and round tl» •• 
\\wU<\' WM\ tWmiuin-iUhickinvsa is reached. At first theao tapes *BP6, 
ll mlalil |iM I I'l'nioil, Kdmuuil t.^'thi;r with solvents ; but these caused iir 
nml li*vi> liw'ii hImhiiIi'Iu-J : heat ts now the common agent for effecting 
niUlwliiii, Me. Klcmt-tw, who applied his Upes longitudinally, likft' 
liitiH IimU l»h>«, \mA otmiJ.' |>n«ui-« to join the two halves together. 
*llt|i|>ij'Mt Hii«l Uigolili""' "laohiiiery to cut the tapes tho instant befow t 
WPI* Hii|i|lt'il ^l. (lii'n.i'tM'i', nn till' uiatcri:il only reunites if quite freehlr 
'''*''''"' "'" ' "■■ " ""^''1 '"■' "I'l'licd in this way at one op«rt 

'*"'"' ' ; !'■ ll in>tu> of these methods wore fnlljl 

[ ll""*!'!! MiLtiiT, fuuverting it into Torioua mrtl 

"''"" ' ■■'iiiini; to tho process employed. 1 

■ Ml. lli'oper has covered condnoton 1 
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Bide for eighteen inches of its length. This proved that the iron wires 
not press injuriously on the core. In all these experiments the rope 
free to untwist, but did not do so sensibly. The experiments were 
ihustrations of facts well known to all practically acquainted with tel( 
cables. It may therefore be assumed that the common form of cable is 
liable to stretch ; but another defect, the liability to kink, has been 
against it. A kink is a loop drawn tight, or a twist in a rope concent 
at one point. Specimens of kinks were shown. A kink may be produced: 
any form of cable, with or without helical covering, inasmuch as a loop or 
twist may bo produced in any form by mismanagement. A rope coiled roi 
a drum with one side out may bo wound off and rolled round another dmn^j 
or paid out into the sea, without receiving any twist ; but if, by mismanage* 
ment, the rope were pulled off the end of the drum, it would be twisted orj 
kinked. Similarly, if coiled in a tank, with one side always uppermost 
although apparently without twist, it would be twisted or kinked wheal 
pulled straight out of the hold. In practice these plans are not adopted ; tbej 
cable is carried down into tanks from a drum with one side always tnraeJ;] 
in one direction : let one side of a straight cable be marked black, and let it' 
be coiled into the hold so that the black side shall alwa3rs be north, then 
this black mark will, on the north side of the tank, be turned from the centre; 
at the east and west side it wiU be uppermost and undermost respectiTelj. 
The rope thus coiled in will have one twist in it for every turn round the 
tank : in a spun rope this twist will twist the rope tighter, or untwist it 
according to i^e direction in which the rope is coiled ; but, in either case, 
when the rope is drawn out of the coil it comes out as it was put it-*H3traigfat 
and without twist. The extra turn or twist is caused by coiHng, and re« 
moved by uncoiling. There is one simple, universal, and sufficient mle to 
prevent the occurrence of a permanent twist. The cable must be taken out 
of the tank or off the drum in the same manner as it is put in or on ; the 
opposite course will always put a permanent twist into a cable, and this 
twist, concentrated at one point, produces a kink. These points were illus- 
trated by elementary experiments with a piece of india-rubber tubii^; to re- 
present a cable ; one side of the tube was painted so that a twist could readily 
be seen. When a cable is properly coiled in the tank it is possible, by a 
severe jerk, so to mismanage the uncoiling as not to take out the twist re-tj 
gularly ; and kinks have thus been caused by several turns being caught 
at once out of the hold. This now very seldom happens. Not one 
occurred during the paying out of the Malta- Alexandria and Persian-( 
cables, or during the late Atlantic expedition, in all about 3500 knots.] 
Even when a kink does occur it seldom injures the cable. A specimen was 
shown, cut from the Dover and Calais cable, containing six insulate^ wires,: 
through which, kinked as they were, messages had for years been transmitted 
between England and France. The common form of cables affords a good 
mechanical protection against injury. 

3. Iron and Steel Wire. — The tensile strength of a cable is the sum of the 
strength of the wires composing it. A cable covered with good iron should 
bear a strain equal to two tons per pound of iron wire per fathom. Thus a 
cable with 3750 lbs. of iron per knot, or 3*75 lbs. per fathom, in the sheath- 
ing should bear 1^ tons. This rule corresponds to a strength of about 41 
tons per square inch. The larger gauges and inferior qualities of iron camiot 
be expected to bear so high a strain as this. Best best is the quality most 
usually specified ; but charcoal wire seems to be more permanent than the 
^vrior branda. The wire should m "no eaae \i^ V"wt^ ot \iTv\iCia. Bri^t 
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bnt protection, where possible, should always be given* Bright and Oil 
silicated bituminous compound applied over the wires affords the beet 
tection yet known. The Persian-Gulf Cable is coated with it from 
end. To ensure permanency, cables in shallow seas were now laidweif 
as much as ten tons per mile, with shore ends weighing nearly twenty 
to resist anchors {vide England-Holland Cables, Appendix). Many' 
shore ends were covered with strands of wire instead of simple wires. 
Siemens proposed to apply a covering of hemp outside the iron wires and 
wrap this roimd with a zinc armour. 

G. hitatiatm of Cables in SJudlow Seas, — The total failures of all kindi^j 
shallow water, excluding the cables which had no proper outer iron prot 
did not amount to 100 miles. About 2350 miles have been laid, wl 
worked for some time, but are now abandoned. Of these, 1400 miles 
less than one ton per mile, a weight which, for shallow seas, is 
known to be absurdly msufficient ; these worked for about two years npon 
average. 060 miles weighed more than one ton, but not more than twoi 
per roile: the average l&e of these cables was five years. 6000 miles, 
now certainly at work, possibly more ; they have already worked upor 
average four years and a half: they include one cable which has worked: 
16 years, and several 13 years old ; but the average is lowered by thf 
Malta- Alexandria and Persian-Gidf cables, only lately laid. Everyone 
these cables, except the Malta-Alexandria, not originally designed for< 
seas, weigh more than two tons per mile. The interruptions on the li( 
cables are somewhat frequent : on the Malta- Alexandria they havea^ 
four days per 100 miles per annum ; even this is not Worse than the 
land-lines in India, and is ten times better than the worst l^nd-lines 
India. 

7. Maintenance and Heturns from Vahlesin JShallotO Seas, — ^Tte average i 
of maintaining cables of the Submarine and Electric Telegraph Companies! 
been for some years from ^8 to ^9 per mile, excluding the cost Of total renei 
which should be provided for by a reserve fund. The expense of the 
Alexandria repairs is not known. This line has earned lis much as 
in one week, or at the rate of £117 per knot pet annum. In one year 
average earnings during the time it was open were at the rate of more 
X90,000, or £68 per knot per annum ; allowing for fhterruptionSi thei 
mum earnings in one year were £64,000, or £48 per knot. The P< 
Gulf cable is said to be earning at the rate of more than £100,000 per annt 
or £86 per knot per annum. Neither cable ha« yet worked under favc 
able conditions ; the former ends in a cnl-de*iac, and the land-lines 
nectcd with the latter are so badly worked as to cause extreme delay 
uncertainty. Such cables can be laid for swins varying from £300 to £4( 
per knot. The receipts on the Submarine Company's lines seem lately 
have been at the rate of about £85 per knot of cable, or £26 per knot 
insulated wire. j 

8. Deep'Sea Cables, — Cables laid (n less than 1000 fathoms would novl 
hardly be considered deep-sea cabJ^s ; but formerly a depth of 300 or 4W 
fathoms was thought sufiicient to entitle a cable to be put in this class, ejA 
the old classification has been adhered to in preparing the statistics of shallow' 
sea cables. A cable to be laid in a deep sea must, of course, be strong boA 
absolutely and relatively to i^s weight in water ; it must be light, or till* 
great lengths required cannot be conveniently carried ; it must not be liabll 
to stretch, and it must corl well and be paid out easily. At first, light spe* 
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results with iron do not sbow this anon&aly ; bat tius j^paient parade: 

steel wire has been fiilly confirmed by independent expenments ma 

tbe Atlantic Telegraph Company. The ex^ana^ion is, that when 

mmratdy we have the strength of the weakest points or smallest s( 

of the wires and strands ; but these materials are never iinifi>nn, and 

combined^ as it is most improbable that the two weakest points should 

eide, we obtain the sum of their mean sections or straagtbs. The 

formed by these hemp-covered steel wires are rery strong. Table IT. 

that the Atlantic cable, relatively and absolutely, is tbe strongest cab 

miide, bearing more than twice as great ^ lengtb of itself as the oL 

cable. The new form stretches more than the old. The hemp may be 

off or decay from the wires, weakening the cable, and the hemp affon 

mechanical protection against injury ; but the stretch is never such 

endanger the core, as has been proved by repeated experiments, and th< 

serious defect of the cable is probably its expense. 

9. Proposed forms of Deep-Sea Cables. — ^llowett's hempen rope eoul 
tainly be laid. The lecturer has had no sample of it, but fears it woi 
extenBiblo, - Allan's cable could also be easily laid, so far as its.stren 
coucerncd. It is said to coil badly ; but the lecturer has not see 
tested. The proximity of the copper and steel inside the cable might 
the Bteel to rust and burst the core. Still it is desirable that this 
should be practically tested. Mr. Siemans's cable, also mentioned in 
JK, will bo found described iu ttiQ A.^^eTx^\?L \,q \\x\s» \^^\^>x^^ The str 
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tp has great strength and elongates little, but has to carry an immense 
Tof copper, which does not add to the strength of the cable. The phos- 
kized copper sheathing would probably be very permanent. This cable 
actually been laid and is now working. A trial of it was not successful 
teep water, but a piece was recovered from 1600 fathoms. Duncan's 
hf covered with plaited ratan, is too extensible ; and the ratan, though 
ible in water, does not add much tensile strength. The lecturer has had 
mple of cable made, in which he used Siemens's stretched hemp covered 
I Ihmcan's plaited cane. Its properties are given in Table lY., and its 
ifications in the Appendix. This cable combines great strength, small 
liation, lightness, and cheapness. A bare gutta-percha core could be 
easily, but could not be recovered from great depths. 
). Statistics of DeejnSea Cables. — Excluding the 1000 miles in abeyance 
3r the Atlantic, and the cable lost in the first experimental trips in the 
ntic, only some 500 or 600 miles of cable have been lost during laying. 
at 9000 miles have been laid and worked a little while, but are iio 
BT working. From 700 to 850 miles are now at work ; but much of this 
L no great depth. The Barcelona Mahon cable, believed still to work, 
yogh faulty, is included in this list. There is but one quite sound cable 
5 at work in more than 1000 fathoms, viz. that between Sardinia and 
y, 243 miles long. One section of the Malta- Alexandria cable is in 
&thoms, and has never shown any deterioration. The probable causes 
dlure have already been enumerated. 

L The general conclusions to be drawn from the statistics 'given in this 
ire seem to be : — that in shallow seas, by laying heavy strong cables, we 
ensure, and have obtained, success, both from an engineering and com- 
oial point of view ; that in deep seas we have hitherto failed, but that 
ess is not unattainable, and may probably be reached by various methods. 
lecturer believes that while in shallow seas, where repairs are possible, 
es can hardly be laid too heavy or at too great an expense, in deep seas, 
re repairs wfll always be precarious, they can hardly be laid too light or 
3heap. 



Appendix I. — Specification of Cables in Tables, 

, First Atlantic. — Core (vide Table III., p. 205) covered with 18 strands 
' bright best charcoal wires 0-028 in. diameter, called No. 22. Total 
aeter 0*62 in.; weight of iron 15*64 cwt. per knot. 
. Bed Sea. — Core (vide Table III.) covered with 18 bright iron wires 
larcoal), called No. 16, B.W.G. ; diameter 0-077. Total diameter 0-56 
weight of iron 16 cwt. per knot. 

. Malta-Alexandria. — Core (vide Table III.) covered with 18 bright 
•coal iron wires, each 0-12 in. diameter, called No. IX (?)• Whole cable 
» in. diameter; weight of iron 33-56 cwt. per knot. 
. Penrian-Gulf.— Core (vide Table III.) covered with 12 galvanized iron 
», 0*18 in. diameter, called No. 7i (?) ; diameter of iron cable 0-9 in. ; 
fed with hemp and bituminous compound to 1-25 in. diameter; weight 
knot of completed cable 3-7 tons. 

. England-Holland main cable. — 10 black wires 0-375 in. diameter, called 
00; external diameter 1*58 in. ; weight per knot 10-4 tons-. «»\iQ>Y^ ^\iA. 
rires, 0'22j called No, 5; covered with 12 stranda mad^ oi ^ ^^^^ ^*t 
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Tablb VIII. 



Showing the length of a catenary curve of constant span b 100, with yanons 
deflections at the centre, and giving strains at lughest point in terms of 
the unit length of chain. 
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of trying to raise a cable such as the Ailantio laid taut would certainly be 
to break it ; but cables are not laid taut in deep water, and the Atlantic is 
laid with a mean slack of about 12 per cent., and in the last days we may 
even count on 14 or 15 per cent, slack — ^that is to say, for every 100 miles 
passed over, 114 or 115 miles of cable were laid. Lay on the floor 114 
inches of chain, between two points 100 inches apart ; lift it in the middle on 
a hook, the two ends will hang down in catenary curves ; and when the cabk 
at the extremities is just off the floor, the hook will be 23*3 inches from the 
floor. Quite similarly a cable laid with 14 per cent, slack will, when caughi 
by the grapnel, hang in two half catenary curves ; and by the time 11-^ 
miles of the cable are off the ground, the grapnel will be 2330 fathoms from 
from the bottom, i,e, at the surface of the Atlantic. The strain on the 
grapnel-rope will be the weight of the cable lifted, or about 12-4 miles ; th( 
strain on the cable itself at the point of suspension wiU be much less, bein| 
only about 3| times the weight of the cable hanging vertically, or say I 
miles of cable. (Obs erve that the strain on the cable and the weight of the 
cable are not synonymous. When the two erds hang plumb, the strain on 
the cable at top is half the weight of the cable carried. "When there is little 
slack, the strain is much greater than the weight carried.) If the depth 
were only 2000 fath oms, the strain on the cable when brought to the surface 
would only be equal to the weight of about 7 miles of cable. Moreover, the 
actual cable is not held at any point except by its own weight, and there 
will bo a pull at the bottom tending to haul in slack towards the grapnel 
amounting to several tons : .but, even without counting upon slack obtained 
In this waj) it is clear that if the caTcJie \j*i\i Vw 1\ taii^ oiita own weigH 



223 

It could, under favourable circumBtances, be hauled to the surface by a siugle 
grapnel. 

Tables YII. and VIII. give the proportions and strains on catenaries in 
canons convenient practical forms. Thus, from Table YII. we see that if 
ten per cent, slack be laid, the maximum tension on the catenary lifted in, 
Bay one mile, will be the weight of 4*52 miles of cable ; in two miles depth 
the strain would be the weight of 0*4 miles of cable. In the latter case, 
Si X 6*67 s= 11'34 miles of cable wiU be off the ground, and the grapnel-rope 
aaost be strong enough to bear this. Table YIII. gives similar information, 
supposiog we do not start from a definite percentage of slack, but know the 
j^portion of the dip made by a rope to the strain. But although from these 
tables it appears that the Atlantic cable might be lifted by sheer pulling, 
"HtdB course is not advisable, owing to the extra strains produced by the heave 
of the ship, the resistance to displacement by the water, the friction of the 
"water, possible currents of water, the possible drift of the ship to one side of 
"the cable, and the possible existence of a weak point in the cable. Owing to 
all these elements the practical chances of success by sheer pulling are very 
small. It has been proposed to lift Jbhe cable by a number of slups, acting 
like so many piers to a suspension-bridge. It is dif&cult to suppose that 
they would keep their respective positions accurately, or aU haiJ. in at the 
proper rate. It has also been proposed to catch the cable at one point, then 
at another nearer the end, then to drop the first grapnel, and catch the cable 
again nearer the end^ and so, working hand over hand, reach a point at last 
10 near the end that the cable could be lifted nearly vertically. This is 
bett^ than the last plan, but is unnecessarily complicated, and the cable 
might easily be injured in the attempts to catch it at so many points. The 
simple plan which at once occurred to all practical men, is to catch the cable 
mik one ship by a holding-grapnel, and then to cut it with a grapnel from a 
second ship, (some three miles to seaward ; the loose end held by the first 
ship could then be hauled on board with little strain. This plan wiU 
probably be adopted, with much chance of success. It is certain the cable 
wai caught, and probably it can be hooked again ; if so, there should be no 
difficolty in raising it, unless it is rusted to a much greater extent than we have 
any reason to expect. The grapnel of the first ship should be a holdings 
grapnel, of which several models were shown, otherwise the loose end might 
fly back over it if the second ship cut too near the first. The second ship 
shonld have a cutting-grapnel, of which models were also shown, lest if the 
attempt were made to break the cable by brute force it might break at an 
inconvenient point. Mr. Latimer Clark's grapnel, which would answer 
either of these purposes, was exhibited. The cable when hooked releases a 
eatch, allowing a block, to which the grapnel-rope is attached, to be hauled 
np the shank, pulling round two right and left hand screws by two steel 
bands ; the screws dose the jaws, which grip the cable or cut it ; or one 
gn^nel maybe made both to cut and grip the cable. The grapnel can lie in 
only two positions ; and if dragged in the proper direction, cutters placed at 
two diagonally opposed comers would cut the cable certainly to seaward, and 
the ji^WB hold the landward end. A simple form of holding-grapnel, 
(Hmceived by Mr* Carpmael, jun., was shown ; in this the cable is jammed 
between the prongs and a kind of half bollard. A holdfast or cutting- 
grapnel, designed by the lecturer, was also shown. Each prong is hinged on 
a pin projecting beyond the shank, and the prong is so shaped at the root 
that the cable when on it closes the prong tighter and tighter o\3l ifesftVi^ 
whereas the end of the prong when dragging througlo. ^a^aSi ox TKxASsi^^\L<!i^ 
Uke B Tiviaum'0 andtor. 
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do not sensibly vary. This arrangement was nsed on the * Great Ea8tenilliig«j 
It worked admirably, and gives a perfect safeguard against the applicaf ^ 
of any unforeseen strain by the friction of the break-strap. Strains may, h 
ever, occur from other causes, and for their detection a dynamometer is i 
between the break and the stem. The cable is passed imder a weigjit^t 
pulley, at a somewhat obtuse angle. The weight thus hanging on the 
is raised higher and higher as the strain on the cable increases. A 
constructed by experiment showing the height corresponding to each bi 
By this simple contrivance the actual strain on the cable can be obsened 
any moment. The following is a convenient formula for calculating the i 
lation between the strains on break-straps and the friction produced. I^ 
bo the strain on that end of the strap which holds back the wheel, P the 
on the other end, / coefficient of friction, and b the angle embraced hy 
strap in circular measurement (unit =67*296°). 

Then Q=e^» P, where «==2-71828. 

/ may be taken for leather on iron =0*35 

„ „ iron on iron, wet =0'15 

„ „ wood on iron, wet, less than 0*1 

3. Theory of Svhmermn, — ^In October 1867, Professor William ThomBOnj 
published in the ' Engineer ' a short sketch of the true mathematical theorf i 
of the form assumed by a cable while sinking, and the strains to which it ii 
subjected under various conditions. The consequences of this theory were 
much more elaborately worked out (independently of Professor ThomBoniB 
publication, the lecturer believes) by Messrs. Brook and Longridge, in apapei 
read before the Institution of Civil Engineers in the spring of 1858. Mudi 
of what follows is taken from that paper. If the ship and cable are botii ai 
rest in still Avater, the latter hangs in a catenary curve, the strains on whid 
are known and easily computed. This case actually occurs whenever a shi] 
stops paying out cable, for instance, to cut out a fault : if the cable wen 
suddenly stopped so as to lie at a great angle with the vertical line, a strai 
would be produced so great as infallibly to break the cable ; thus, for a cate 
nary in which the cable at the point of suspension lies at an angle of 9° 3C 
with the horizon, the strain at lie point of suspension is equal to 72| time 
the weight of the cable hanging to the same depth vertically ; so that in 200 
fathoms the strain would be equal to the weight of 146 miles of cable ; bu 
the Atlantic cable would break as soon as the strain exceeded the weight c 
11 miles. Prom this it will be seen that a cable cannot be immediatel 
stopped whilst being paid out, but must be gradually checked while the shi 
is backed, so as to keep the cable where entering the water as nearly vertiw 
as possible. Another conclusion which follows is, that the cable while bein 
paid out cannot possibly be hanging in a catenary curve, since the Atianti 
cable did lie at an angle of about 9° 30', and the strain, instead of bein 
2030 cwt., was only about 12 cwt. The following consideration may hel 
us to perceive how different the case of a body sinking regularly is from th 
case of a chain at rest. Suppose the ship to drop a number of spheres ( 
the specific gravity of the cable into the water at regular intervals ; each ( 
these would, within about two feet of the surface, acquire a definite, sensibl 

constant velocity i;=a /L, where w = the weight and q the resistance! 

the body moving at one foot per second ; these spheres, moving with constai 
velocity at constant intervals of time, would lie in a straight line from tl 
surface to the bottom; and 'wonld >)e moi^ oi Wa \uQ;\iEiad to the horizon i 
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Bpeed of the ship was less or greater. If the spheres were joined by an 
litely thin string, to which the water offered no resistance, they would 
1 a cable which could be laid without any tension whatever, and with an 
•unt of slack or waste depending simply on the inclination of the line to 
liorizon. The practical case of a submarine cable lies between these two 
•ernes of the catenary and the isolated spheres ; each short length of the 

e lies like an inclined rod in the water, and has, therefore, a tendency to 
Dt back in a given direction, whereas the isolated spheres tend to fall ver- 
ily. Owing to this, cables, or, at least, heavy cables, cannot be laid with- 

tension except at the expense of an enormous waste of cable. It will bo 
lecessary here to repeat the whole mathematical investigation which is 
3n in Messrs. Brook and Longridge's paper. It will be sufficient to give 

results arrived at. Mathematical readers will readily understand that 
se results are calculable from the data given : — 
'=the velocity of the paying-out vessel in feet per second. 
>j=the velocity of the cable paid out in feet per second. 
^=the weight of one foot length of the cable in lbs. 
^=the angle which the cable at the surface makes with a horizontal line. 
i?=the height of any point A from the bottom of the sea. 
^=the resistance in lbs. which the water opposes to the motion of each 
t of the cable moving perpendicularly to itself, at the speed of one foot 

second ; q may be called the coefficient of resistance to displacement, 
y^sthe resistance in lbs. which the water opposes to the motion of each 
b of the cable drawn through it lengthways, at the speed of one foot per 
)nd ; q^ may be caUed the coefficient of friction. 

n=the resistance in lbs. which the water opposes to the motion of each 
i of the cable moving perpendicularly to itself, at the speed of v feet per 
md; m is assumed =qv^, 

nj=the resistance in lbs. which the water opposes to the motion of each 
i of the cable drawn through it lengthwise at the speed v; m ib assumed 

= tension in lbs. at point A, which in what follows will be assumed as at 

surface, where the maximum strain occurs. 

rhen if the cable be laid without any tension at the bottom, which is now 
ariably done, the equation to the curve assumed by the cable will become 

equation to a straight line inclined at an angle to the horizon such that 



, what amounts to the same, 

cos^__gi;* 

sin^^"" w ^^ 

jm this it appears that the angle at which any given cable will be paid 
J is (when not tight at bottom) independent of the tension t (or of the 
ocity v^), and is dependent simply on the velocity v of the ship. Cables 
ich are bulky for their weight, or, in other words, are of light specific 
ivity, lie at a small angle ; but by increasing the ship's speed any cable 
y be paid out at a small angle. We find further, when no slack is pail" 



/ Xl-cos^y\ 
ss^lw^m"' — -_Jf2-l^ ^ 

\ Bin^ / ^ 
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to xia simply tho weight of a length of the cable hanging plumb £rom tl 
ship to the bottom. This is the maximum tension that can be required 
lay any cable without slack. This tension is always slightly diminislied] 
a certain small portion of its amount, constant for a given speed and cab 
The annexed diagram may help to explain the results arrived at The cal 
AC, lying on an inclined plane of water at the angle ^, is carried by ate 




^^^^^iii^^^m^^ismk 



sion equal to the weight of a length A B of cable, somewhat as a chain w< 
be in equilibrium lying on a fnctionless inclined plane A C, and han| 
down over a pulley at A to the depth B ; but the inclined plane of wat( 
not at rest ; it yidds under the cable at every instant at every spot : if 
cable were pressed through the water in a direction perpendicular to it 
so that the plane of water yielded before the pressure of the cable, and 
not slip along it at all, the above analogy would be perfect, and the ten 
at A would be simply equal to u; a? ; but since we have supposed the c 
to be laid without tension, and without slack at the bottom, any poii 
must finally come to a point E, such that E C=D C ; and it will be et 
seen that the point D to do this must move in a straight line E D. Now 
line D E is not perpendicular to A C ; it falls within that perpendicular, I 
BO that if we suppose the plane of water under A C to yield perpendicuJ 
before it, we must also conceive the cable as slipping back a little on 
plane by an amount corresponding to the space between D F and D E ; 
this slip is opposed by the friction of the water, which thus tends to pre 
the cable from running back on the inclined plane, and so relieves the ten 
by a small amount. This amount is so small that it may be practically i 
lected, and would not have been mentioned did not the same considerat 
enable us to understand the effect of laying cable with a certain amour 
slack. When this is done a point, D, moves in a line, say D G, diffe 
much more in direction from D P than D E does. When much slack is 1 
the cable slips back at a considerable velocity on the inclined plane, 
meets with a frictional resistance tending considerably to relieve the tens 
Thus, when the cable is paid out at a velocity t/^, we have 
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When Vj is considerably in excess of v, the fraction of the whole teni 
which the friction m^ subtracts from w a? is very considerable. It also 
creases rapidly as the speed of the ship increases, and it further increase 
the specific gravity of flie cable bo small ; for then it lies at great lengtl 
the water, presenting an immense surface to be gripped by the water. ' 
friction on each foot is but small ; but when twelve or thirteen miles of w 
lie in the water, presenting a surface of 70,000 or 80,000 square feet, 
result is practically very impoxtaTiti, M^\xt[\\a\^ ^ mean speed of 10-4 ; 



per second as that at wMch the Atlantio cable was paid out when lying at 
*n angle of 9° 30' in 2000 fathoms of water, with a tension of 12 cwt., we 
obtain the following values for the constants : — 

a =0-0085=5 0*081 D f ^^^^ D=diaineter of cable in feet. 

From some observations it would seem as if the angle had been even less 
than the above, in which case q would be larger and q^ smaller. Prom 
leaufoy's experiments we should have expected q to be more nearly 0*65 D ; 
l)nt the roughness of the cable may account for the difference, as it certainly 
does for the great difference in the coefficient of friction, which is nearly 
eight times that which a smooth surface would present. It is probable that 
for a smooth iron cable the value of q^ would be more nearly equal to 
0*001 D, and q = 0'065 D. One reason will now be plain for giving in the 
foregoing tables the strength of the various cables relatively to the depth in 
which ^ey are to be laid. The strain required to lay them is always a 
fraction of that depth ; but the strain will not be always the same fraction of 
the depth, but will be smaller for the lighter cables when laid slack. 

4. Amplication of Theory, — The practical results of equation (4) are most 

important. To lay any cable, however light, quite taut, we require nearly 

the tension due to a weight of the cable hanging plumb from the surface to 

~ the bottom ; but by increasing the bulk of any cable, though we do not 

diminish its actual weight, we may, by laying a little slack, diminish the 

tension very greatly. With such a cable as the second Atlantic the tension 

was thus diminished more than half; to lay it taut would have required 

nearly 28 cwt., and 12 cwt. was the amount actually required when about 

15 per cent, slack was paid out. The strain could be maintained constant in 

all depths by allowing a little more slack to run out in deep water, and even 

this could be prevented by a slight increase in the speed of the ship. No 

relief at all comparable to the above is obtained by paying out heavy cables 

slack ; but, on the other hand, still lighter cables can be paid out imder still 

more favourable conditions. The ratan and hemp cable (No. 11, Appendix I.) 

would, with 12 per cent, slack, be paid out without any strain at all ; and 

if more .slack than this were desired the cable would have to be pushed out 

of the ship. Nearly the same might be said of a bare gutta-percha wire. 

The Atlantio cable, in the last expedition, was laid in depths varying from 

1750 to 2000 fathoms, at speeds for the ship varying from 4| to 6| knots 

per hour, while the cable ran out at from 5 to nearly 8 knots per hour. 

The angle, according to one method of observation, viaxied from 9^ to nearly 

12°, but was somewhat less according to other observations ; 9° 30' seems to 

have been a usual angle. The slack paid out in deep water ranged from 

9 per cent, to about 18^ per cent. On the last day the slack was about 
14*8 per cent. The strain on the cable was very constant, ranging from 

10 cwt. to 14 cwt., and generally being between 11 cwt. and 13 cwt. : the 
pitching of the ship never caused more than about 2 cwt. difference in the 
strain; but once, when going slow to change holds, the strain was 17 cwt. ; 
tiiiB accords with theory. The lecturer has to thank the engineers of the 
Telegraph Construction and Maintenance Company for the above information, 

5. Proposed Improvements. — ^Eeels have been proposed in ships as a 
(abstitute for the coils in tanks. Their great mass in motion would be 
difficult to control. Mr. Siemens actually tried with, some success a reel for 
a light cable and drove it with an engine ; he abandoned the plan for the old 
lystem. The defects which the reel ' is supposed to i^fixvib^^ ^^ tiO^ w^s^ 
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Captain Sdwyn has proposed to uso a reel floating in the sea, ingeniously 
rotwnicd by paddles, which would prevent too much slack j&om being laid. 
It hardly becomes a landsman to tell a sailor that such a reel would be un- 
manageable ; but the difficulties of coiling in water, of launching the reel if 
coiled on land, of protecting the surface 6f the cable against collisions, of 
testing the cable, of remedying any defect, should any arise, and even of 
preventing one coil from cutting into those immediately below it seem un- 
avoidable, and the defects the invention is supposed to remedy are imaginaiy. 
Buoys have been proposed to relieve the cable from part of its weight ; any 
hollow buoys would be crushed very shortly after leaving the surface. Mere 
wooden floats would do little, and be difficult of attachment. This invention 
also labours under the disadvantage of being unnecessary, since cables can be 
paid out with 12 cwt. strain or less, which will bear 150 cwt. Vanes on a 
cable, opposing its slipping backwards, would be correct in principle, although 
probably quite impracticable ; the result aimed at is obtained by increasing 
and roughening the surface of the cable. Most engineers who have had 
practical experience deprecate any attempt to catch the cable by nippers 
after it has left the ship. The danger of fouling is more considerable tiian 
the extra chance of safety given by the nipper. Lastly, many proposals 
have been made for some kind of elastic arrangement, to compensate for the 
change of strain caused by the rise and fall of the ship. When cables are 
paid out so nearly horizontally as *is now the case, these arrangements, even 
if practicable, are not required ; the alteration of the strain caused by the 
motion of the ship is quite inconsiderable, and there is great difficulty in 
devising any elastic arrangement which, by the inertia or momentum of its 
parts, would not aggravate the evU, such as it is. Unless when going very 
slow, in very bad weather, the best conceivable elastic arrangement would be 
useless, if not injurious. 

6. Bepairs in shallow water. — So long as the outer wires of a cable remain 
sound, repairs in shallow water are always easily effected. The cable is 
caught by a grapnel, lifted to the surface, cut, tested ; and if the fault be 
near at hand, one end of the cable is buoyed, the other end passed round a 
drum driven by a steam-engine, which gradually hauls in the cable till the 
fault is found, when it is repaired, the cable again paid out, and spliced at 
the part buoyed. Bad weather and a rocky bottom are the diief difficulties 
to be contended with. Sometimes the cable is not cut or hauled on board, 
but simply underrun, passing over a grapnel or sheave hung outside the bows 
of the slup ; as the ship moves forward the cable rises in front and is again 
lowered behind the ship. There are many points of practical interest 
connected with repairs in shallow water, and the lecturer refers those who 
require further details to Mr. P. C. Webb's paper in the * Transactions of the 
Institution of Ci^il Engineers,' 1857-58. If the bottom be good, i,e. sandy 
or muddy, cables can always be recovered within 100 fathoms, and they are 
frequently hauled up in much greater depths. 

7. Eejpairs in deep seas, — The only method hitherto practised with success 
has been to commence in shallow water and gradually haul the cable on 
board as described above. By carefully keeping the cable hanging vertically 
from the bows the strain on it will not greatly exceed in calm weather the 
weight of the cable hanging plumb from the ship. Cables have been re- 
covered in this way out of depth? of 1000 and 1500 fathoms at the rate of 
about a mile per hour. Messrs. Newall were very successful in the Medi- 

•anean in recovering many cables by this plan ; and the lecturer has seen 
Me hang for three days at the bo^a oi «k «\iY^ -^li^t^ tha depth was 800 
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fcthoms, while the ship pitched violently owing to bad weather ; the cable 
id not break, and was relaid with success. Even in this case the rise and 
all of the ship did not injure the cable ; but the change in the strain on the 
able was great, and any good elastic compensation would have been useful ; 
he cable itself, yielding say | per cent, in a mile, gives a certain elasticity. 
Uthough this method of recovering deep-sea cables is not hopeless, the risks 
ire great ; bad weather or a weak point in the cable entail almost certain 
kilure. A good nipper to catch the cable, should it break inboard, as it 
frequently does, might be of material service. Few persons wiU be sanguine 
enough ta expect that a cable could be steadily picked up for 1000 consecu- 
tive hours, or say forty days, with about half ite theoretical breaking-strain 
lecessarily always upon it. We should, therefore, be grateful to the engi- 
aeers in charge of Qie late Atlantic expedition for showing us that even in 
2000 fathoms of water the attempt to hook a cable with a grapnel is far 
Prom hopeless. The chance of success by this method will now be examined. 
If a cable were laid absolutely taut dong the bottom of the sea, when 
hooked by the grapnel it would rise a little way in virtue of its elasticity ; if 
it stretched one per cent., by the time ten miles of it were off the ground the 
apex would be half a mile from the ground (a result few are prepared to 
expect) ; but the strain on the cable where^caught would be very great, equal 
to the weight of about 24 miles of the cable, though the weight on the 
grapnel-rope would be only that of ten miles of cable. The result, therefore, 

Table VII. 

Giving length of cable lifted with a given slack, and hanging in a catenary 

curve, &c. 



Slack in per- 
centage. 



Tension at highest 
point in terms of the 
weight of a length of 
cable hanging verti- 
cally from the sur- 
face to the bottom. 





1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

14 

16 

18 

20 

22 

24 



u;^ 



infinite 

47-6 

20-8 

13-5 

10-0 
8-18 
6-90 
6-01 
5-39 
4-88 
4-52 
4-18 
3-89 
3-49 
3-12 
2-89 
2-67 
2-48 
2-39 



Length of curve in 
terms of versine. 



infinite 
19-42 
12-75 
10-20 
8-74 
7-84 
7-16 
6-64 
6-24 
5-92 
5-67 
6-43 
5-21 
4-89 
4-58 
4-37 
4-17 
3-98 
3-89 






Length of versine 
of span 100. 





5-2 

8-0 
10-1 
11-9 
13-4 
14-8 
16-1 
17-3 
18-4 
19-4 
20-45 
21-5 
23-3 
25-3 
27-0 
28-8 
30-6 
31-9 

mm m i » « " " 
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Fig. 2. 



Eg. 3. 




f). Tests of Tnsutator, — A miiorial is said to insulate well if it offera 
resistanoo to the passage of a eurrent of electricity. The word reaa^am 
}iero used prooisoly in the sense in which it was applied to eondnetHfj 
conductors and insulators both resist the passage of a current — ^the ~ 
allowing; a considerable current to be produced bj a small batiierj, 
latter allowing but a feeble current to be produced by a powerful b 
The object of surrounding a conductor with a good insulator is to 
any serious proportion of the current from being diverted to the sea or 
near the conductor : the insulator acts the part of the pipe^ directing and emh 
taitiing the current ; the copper acts more nearly the part of tiie Tacall 
space, allowing the current to pass, and retarding it only by friction. Apq* 
to contain water can bo made so that it shall not leak ; but no inateint 
known, except dry air, will perfectly contain electricity : some leakage, inS^ 
oated by a current, always occurs ; and the simplest test of the soundiiesBrf 
the insulator is to coiiTioct one end of the conductor A (fig. 2) with one pob 
of a battery, Z, the other pole of which 
is joined to the water sutrounding the 
insulated wire in the tank T (fig. 2). If 
a galvanometer, G, be placed between the 
battery and the conductor, and the other 
end of the conductor insulated, any cur- 
rent producing a deflection in the galva- 
nometer must pass through the sheath 
from the copper to the water: such a 
current is often called a leakage. With 
a battery of known strength, and a gal- 
vanometer witli which tlio observer is 
already well ao(iuaintod, the greater or less 
d(^flcotion of the galvanometer-needle will 
often be sufficient to show whether this 
leakage is so excessive as to indicate a 
flaw in the insulator connecting the water 
and the copper : this was the earliest in- 
sulation test ; but it is clearly far from 
giving a measurement of the accurate kind which has been described 
for conduct ors. No two galvanometers are alike, nor is any one instrument 
constant in its indications ; moreover an instrument of suitable delicacy for 
one length of insulated wire is unsuitable for another : the test is, therefore, 
a very rude and imperfect one ; but a slight modification allows us to use ii 
for the purpose of expressing with some accuracy the resistance of the insulate: 
in the same units as those used for the conductor. Immediately after ob 
serving the deflection with the connexions in fig. 2, remove the insulated win 
A B, and join the galvanometer and battery, as in fig. 3, inserting a set o 
rcsistanco-coils at 11, and joining a 6 by a short coil S, with a resistance bearinj 
a certain definite ratio to that of the galvanometer — for instance, with ^jU^ par 
of that resistance. The current from the battery will, at a and b, di^-ide itsel 
betw(^on the two branches 8 and G, in the ratio of 999 to 1 : now adjust th( 
resistance-coils 11 until the same deflection be obtained as before ; then, if vf 
call ^v the whole resistance of the circuit when connected as in fig, 3, tii< 
resistance of the circuit in fig, 2, which is sensibly equal to that of the insu- 
lating sheath, will be 1000 a?, since the current in the first case must have 
been 1000 times less than in t\ie Becon^ <i«.ft^, Vjxea ^xJl^ t^\'«^^^ ^^ 
mrrent Sowed through the galvaiiom.otetv l\i Vikl!k\.\>^ ^Ttfyo&'CQ38^^'i^'vs^ 
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^"^ the second casr : tii-:*^ ti.= rr^.^-- - r -r. 'zi^^.j:. ^ -l: - 

l^n many cises .r zn'ij 'm :J-rt. :. - -v. ~ i. i .-r~-_ ■■ 
^^ the circ-nit. TLl* '.i*- lV.-- •.-..-_ - : . • ..-"rr 
^nd K Z be a larrr sL 
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^^isistance J? when ihe l":.:~- t~i.f.:*. .i.- ■— ui-r - - "-- ■ T ■ 

'between a and h is niie -t :f tt". "r-ir** :ni-: :i t-- - i i .— 

^: call S the one r*;5i^'j:iii'*:. ^r ii-' .'tiiTr "^ -^ r-a - ■^w.T- y- . .% ^ 
1 




^ battery and the rerl't'^::::: !El I: t-I1 - ::.- _-' - -_ -_j :... 
Il need not be adjasi-eis: La i. r ■-. r-- . • ...• . ■_- . . _ - 
onnexion in fig. 2. If 1.17 '.-.i-tT--: - -i- .. i . — . - . 

isistanee R , the re5lftii:*r 2; -• r.-^fi :- . 
it is. unnecessary tj rrp5i: tl* 'An .-j :_- . ---— - - > . .- 

5 made: "we mav cfr'Ti !--'-:inr ". ..' '__ — --..'. 
X) the instrument ir ^[11 r?— iii :.-=■--: ; " - tl- - -i:- .: : — : 
g found the resi -it jli::t"^:_:/l r:-. ;-_'_•■ 1 i-'Z 1. -^ - 
ice correspondiTig to o*':-«rr ir"ir:^.i.» r^i.- --'ti . - ■ - - 
!t is assumed, of crir^e. r'-i: - r-l~-- ~-r-^ . _--. .. t .. . 
are proportional to the zz^zZzItJ^-. .z -v* 1.— - -. . : :. - -v- 
iting gdvan-'meri-rs. In niki-.r 'ir t**- Ir 1 _— r. . ■ * 

event the first sho:-k of the :::-Tti: tr.rz. : L--..-_r '.i.^ ■.-r. '.. - r 

; for this purpose a oor.zmi'.z. '.i -^77 !rLi_ r-r.-'.^-i. ■ .:_• ^ 
it 0. This connexion mar: >r ir-.i:*- i^i" *^i.' *•_ ^ trfrr ■ ./- -.-j-- 
en applied. The rea=on -sriyui? -Tr-vi^-i 1 -^ t-*---:*-.:— i^_ -.*- 
in the next Lecture. An irti::': Jri-E-:-:!^ ri>i.-- ■r.-'.-r t .-.: ■„- 
magnets, of the form de^fzufri by ?--::V.- : 7 I":! ■=>-.'".- iH : ▼- ■ . . - r 
rill be found well ada:*t*i ::r •Li- "r^- ■ . r^-"..-r :- - ■. -- - •..- 
ten to make the coil S ffre^-^-TlT :-i...l i •-.•..- - m . i ▼-.-• 
;h form as not easily to be Lrr'-t-ri. t: ~i..-.-...- v..- ----Ln.: -- 
le same temperature as thcr s-ilTi-'.n-"-:.' :-■- -L' r..- - - ^-- 

remain in circuit as short a t:n> ii >>-.-..-. •-..:":• ■ ...•.-: 
in the water for such a tirne i? zliJ - --. •* :*• >• ■.j- . . : . «". 
B throughout, to practise extrer-ie ':l-:i.-....-.^ r .- --. -. i -• --*-'.. » ■: 
mds of the wires tested to avoid \-a\ "'.7 t-.^:'. * • . . : : •. .r. •' :-- : 
•ther precautions have bo-rn t;.k-;n. './. ri'-..^ .-.:'-. .'■-■..r- ».v. 
L; but they do not appironch ir* aci'-r.-y t..- ■ ..'-;.-■: .:-. r. •■ t- 
doctors : for instance, the accuniy cir.r. .-: -•r r"-i" -7 '.: . : 
L a deflection can be observed, or, ".ay. I ;. ir* .- :: • 
resistance across the insulator can V: rr.-;:i.=-r--: x..-. ■ -. • • ■ .'- 
ce, by using the insulator as one of thi ir.z "".r. : -.r- .■• .-.. .: r 

It will be seen that as the length of ar. :-.r .I.^.r--: -r.r • ... ■ i- -. 
ice to conduction across the insulator dcr': ;.»'-- : :" r *>. r - . 
iuger and larger area of material to c^.r. : .■.i 1 . r.r?' .". :".■: ' • 
FOBS the insulator from the copper to lY.'-. '^-■."■.: r-".-. -J.:.- ■ :..■ - ...-, 
iBolaliiig sheath of 1000 miles of ilalta-A- x-r.':.-: . - . - .-.-i.iy 
"45" ■" ''or resistance) to a sh^ret cf ti"^.* \-^i^vt'r. » -.r.r* i* r» 

in thickness separating 1 cnpp^rr pi.irc-: I'r'.m 
at 24*^ C. of this in.^ulatir.z shft*:t, »♦! .*rv<".T- 

would be about llo/)«>) B. .V, huTwA •, 



C' 



234 

exolusivoly used for tests at sea^ which may so far be considered quite i 
affected by the direction of the ship or ita motion. Two disturbing 
are found in the curronts induced iu the coils of cable as the ship rdlii 
the so-called earth-currents, depending on the different electric pot 
or tension of the earth which may occur between the earth plate on 
and the connexion with the sea at the ship. These disturbances are re 
oyorcome by the use of sufficiently strong batteries, so that no details i 
explanation of their action need be given here. It may be granted thati 
board ship all tests can be accurately made, and it only remains to ooi 
what system shall bo followed to ensure immediate detection of a raptoni 
the copper conductor or an injury to the insulator. Hitherto it has bea 
common practice to arrange a succession of tests recurring in a coi 
order at definite interval of time. During the first twenty minutes of 
hour an msulanon test maybe used ; and the simple test (fig. 2) of watc 
that the spot of light in the galvanometer does not quit its proper placet 
the scale, as it certainly will do the instant any flaw in the insulator 
a connexion between the copper and the water, is probably the best as 
as the simplest. During the next twenty minutes the resistance of 
cepper may be measured, showing that it is unbroken, and indicatmg M 
temperature of the bottom. During the last twenty minutes speaking inste*] 
ments may be connected with the cable, and intelligence given and recayedii 
then cfa (^po. But this system has great defects. We may wish to send ii I 
receive intelligence when it is impossible to do so; the clerk, or dock, 
shore may not keep time with the ship, and cause needless idarm oreoft;! 
fusion ; special emergencies may require special tests, and then the rontiM 
plan either prevents these or causes confusion ; but worse, much worse tiiaii: 
all this, a fatal injury to the insulation may altogether escape detedatt 
during the periods allotted for continuity tests and speaking ; it may part 
over into the sea, and, when finally discovered, may be some miles from ^ 
ship. It would be better to maintain constantly a simple insulation test^ 
and let the shore end remain insulated and unwatched. No fault could fiiea 
occur in the insulator without being instantly detected ; and even a break 
in the copper, inside the insulator, would be shown by a sudden fall in the 
leakage, owing to the shorter length of cable which would then be under the 
action of the test. A simultaneous injury to insulator and conductor would I 
be still more obviously indicated ; but such a plan as this would result in " 
voluntarily throwing away the assistance to be derived from intelligent 
observations on shore, which, it will be seen in the next Lecture, may give 
important assistance in determining the position of a fault when it does 
occur. To meet this dilemma plans have lately been devised by which an 
insulation test on the ship and a simultaneous insulation test on shore can be 
nearly constantly maintained ; speaking can be practised at any moment by 
ship or shore, and even during the transmission of messages the insulation 
test need not be wholly suspended. The first of these plans, in order of pub- 
lication if not of conception, is due to Mr. "Willoughby Smith. The con- 
nexions required are shown in %%. 4. C Z is the ship battery ; E^ the ship 
earth plate, or sea connexion ; G the marine galvanometer ; A B the cable, 
connected at the shore end with a great resistance R, equal to, sav, the insu- 
lation resistance of four or %:^q knots of cable. G^ is a very delicate galvano- 
meter on shore, placed between the resistance R and the* earth plate. When 
these connexions are made, a slight deflection on the ship galvanometer, G, 
TFiZZ indicate the normal leakage oi cuxTeii\. \)aiQv\j^ \Jc^^ ^xtta-ijercha. 
AlmoBt the ML tension of the battery VtSI a^t oxv."!^, «xA ^w^a,^ ^\s?^^^^- 
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eat on h'jard r- *-'^;i v- .-*-■• ;'■ ' : z 

;t i» to Vt -VC.»?t: '>i.ii: -' V- r - • -'. ' 

It giT^ y:r^r r':*<,i,fi - »- - . . ■ » „._.-.-. 

letectii:^ sr:7 ;".iu;' ■=•* -:■--■ /- ■■- ■- 

laults alirs-T' s» »"^rM' f . - 

jr in tLe xwiir-^p-' '■• -■ — -■ ' ' •: 
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joixLta. !nie enda of i ^kort tm to "je Urottti Tiioiild vuSo bo 
flt Ebonite^ after beiiu: in .i^e :or i::aniimt:ui» for ^£uc diuc, ^zuu 
ii te fiDeshlj poiished. As Ji .-xainpie ji "vhixz joa x- Icuc by 
5^pBDpar matprinla and 'jv ii7-:ii:^ :ht: ^:nAu>[<avi^', mj j^ :>j ^:xvcaS 
a being depoaite^i jn rht* :>un"uc»:, :ac ltv;:';iicr v.un, irw;^; aia 
state that Leyden jars, in Pr»jit^6ur Xhv^^iidvu'b clcvUvii*.U'i», 
to hold their charge iQ ^'*i]l iha: now ollc h^' pci cci^i. \\ ill 
imfl^boiXB. Such, a -^abit: js the Adjj^tic t'al!;^ ir^^iu cliJii^c to UiiU* 
m abioiit fifteen min^res. S:cie wirvds ^wcivd by iiou^K-i'a uulciial, 
to half charz*i in fr.-m seven hoiu>i tv two iL>a. 
Jot^.— Hitherto the word i-harge hua hww Uai-vl ua liawitg u 
rttb. which all are familiar, and the iiuliL-utiuUa uf ua i:lui:tiiiaiiU:i', 
really measures tension or didVivnco uf ]iiiti:iitiul Imui tlic t.iillt, 
sen leceiyed as evidoEoe of a gn^ater or biualKi iJiitit,'!. -, il ii iitu< tu 
Hieee expressions. The charge ofeleetiiiilv wU'u.U .m ii..:ul,ii. .1 I. -ij 
oeiTe really means a definite quantity tit' tli;i;riii.il} . 'Jiii: .|.,....i.i;'. 
scaping to the earth, which is as>uuu-d to Lo at. /.i.ju d j. J.j. j.. J>< > -i 
mt eqnal to the quantity divided by the tihii. i.i.i.ujfii.il ii. ii : ■ •] ■ 
are said to contain equal chargi-8 wlitii tliu^v. lLh,.^! / .ii j.i .i • ■' i'i 
Lscharge equal currents. A chain*: li<i'i \,j .. i,.,ij^ ;• .iij \. ■> .j 
. tension or potential, meaning .tlic qiiulity jj.i .j ..ii<<i L^ :<. 
above described. The total char^<- wlji«h n i^i-'ii h-^ii^ i.. ^. •■ •• 
knees "will receive is proportional to 1h«: jioli nii.iJ lj \i i, .; .h \ - i i i- 
ased. Thus the charge i)roduccd l>y conhu I. Mti. u.i. j,j. J .* j^" '^ 
' cells is fifty times that produced hy a i-jjijiIi. nil Ji.'. i-. i " ■' 
Lai produced by a fiictional machin*^ Ih of < *iii ily ilif. .:..!,.•. ..■■!••' 
reduced by the voltaic batter}' ; it la himjil^y itu n\i j jn .,i,....ii.i ^ *■■•-• 

»■ may be charged equally by pparkn fioiu an iIm (j<,jiIj.iiiij ' '- '' 

i battery; then if this charge U: nihjwtA U, i^i.jj.i \\ni,n^\. •* li-' ■••• ' 
, the current in each case will bo ♦;qij;jl, an*! i,nM„i'. m* '-'i"-' ''" ^'' ' 
and, again, if two bodies arc chaig<:d U/ \L. nutm^ ^.t.\n*\^"^ "- J'- 
it with one pole of the same batt<.i>, Lln-n il ilu. i hh* i.l j" '*"'?,/"' 
Bcharge from the two be equal the cUtxiy^t-.a i,u ),i,ij, ,,» |i. p 'j'*"' "".' *' 
liy of both bodies was equal. Tho <:a|iii«:jt_y oJ" u \.t''ij i"' '• " ' "•' '! 
e depends on many elements; it 'luutAu-.ta uc lb*- ' '•^' *" ' * '" ' ^^ ^ 
adj increases, and it increaseH ah tin: uNiiouiiiJiJit*. b"'bi" "• ' •ij,,„ il 
the earth are brought n^.ur to th<: lumiinbii t.in.uUit »i ''"'' • i , . . , 
ity of a Leyden jar, where the inuM «.b:rl.M<n.il iiH*i"'' '* jj^^, ,| 
to the outer unelectrified kutim-j:, ia hukIi an"''' li"'" , 

■e of equal surface in a lai^r*: lo'iiij. 'iJu. |<j. <.»«•*' • ^^ I ,i 

aty and potential are too c^mph-x l,o b«; b«-j«. j ..|'^""*' ' , , < . 
cable increases directly as itJ:> bmiirtb, juul. a.'. Mi» / •'!"" ' -^ , . | i' 
jcnjars is double that of one. 'Jbej/uttu j»« << Jhj ijiJ*- •'" ' ,,.i 
»pper that of the inner tinfoil; lb*; waO;j u "'"'' *'',l.. 
the outer uninsulated eouting. Owin^^ bi Ui< b'^t-;' 
iiess of the insulation, the eatiaeity of a bijia »iibb • ' . 
arge can be shown on almost any {falviuiojjii.li * 
Can be seen on a M;n»:iti\e inhtiuni<;nt it i-imi^.' '' 'y 

Pig. 2 show*: the connexions Jequjird h* uU" i/ 
iinon kev, bv which the condu'rt/^r of Hji. mbi- ' ^ 
cinexion with the liatt«;ry / <J by a ii^/utjiJ .♦( ^' ^ 
atterj'. and imiiiedittt<;iy tytjutiUKUiti ul it vvii)' '/'-' ''"^**" 
f> 0, the other terininui of which u Ut /•/^*'-*/>^' '" ' 
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in»^ HHUiftm «x r dkoB^w idir laiUkL ami ^bat at • diadiarges it through 
^tfthommMOir. * ^ wH "ytrnMir ^ iwni tdtit as Aa quantity which goes 
tbf Aidur iDWQ W 4«^iukl ii" laoQ ^v^rtk UniTes it; if the galvanometer Q 
^kk!»l ^WV'UnMiii £. iml ^ £ wioM ^ afteaed to the same extent by 
«oisnaiw Iff 1^ dbv^ «^ )« » «siB JB A. Witfi a wdi iiMwilated cahle,i 
:fe%ti8iiii» ^ttf ^ ibr rtfik itt ir mc mf dip daige an tut greater thin 
ikiif nr limicai^ jubw^ iSbr iibni^: anl it ia to avoid tiie d^tnrhanoe dvi 
1^ auimmatCT mc gio c xhic in: in wrintg TJiaial ■tim teats noaenaiblepartofr 
«tinMiifl » ifi ^«; jilinraiEKmii: i to wgik lib^ gatwanometer, bat b condt 
^£*iii)^ i, f^un Actmiis «^ tf a^ ^& iL I^Mtiire IV. The deflection due to 
«bii9^ <ir t&wJbu^!^ ii li ihun «afi^ s iBb» rank of a ain^e Yeiy short 
M^: mi ;^ ilnhwibinL mtr W nivd t» MaMie the ehaige in two i , 
lletG m^ 3iiT 3Uhbr x «»iia«£ ku6 «f dtblr ar Lejdea jar, or eondeiueri 
ilviaBMGaui tnJiiii:: ^vHqr «fe» idbr d haka i ge firom tbat^asinfig.!^! 
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wbete o ^ ivfcwent p£ab&i» ift <«MBaei»jai wstb ttie coitt, and 4r y msulaiei 
pllies sepomwd fin»i (fiben M- aiEA»L gottfiah-pcitba^. poinifci^ ^iM9i» or air, the 
ocher cocLQMKDJOB b«*tBi^ tbe :»aai^ cto ui %:. :^ Nejdl we mukj diarge the 
cahte £rvHBt fihie same bdit:«ffT« aad br tnsil bnag the gabraBometer to the 
MBht delfieetioii br shondo^ port «f tibe coorrmt tkroa^ eoib^ whi^ etn be 
adjuscai : if yj^^ pivrt of the evmtt pass ttbim^ C*^ dMtt the capacity of 
the eable is oae hiizfedEed ttoMs ihat of tb^ ccodena^r : the ielati¥e diargee, 
if not dilfmB^ Anehu Bar be taken a$ pK^porti0lBal tv> the deiectionft on a 
icAecting gahanooKter^ or« sote strietlr* to ^be sne^ of balf the angleB on 
any instrtEraent. A galTazuxneter with a eocaparatiTelT hmTy needle is 
better for th£» porpose than a rede^irtiog in:stn£Btieat widi nurror and 
light magnetSw owing to the resistance of the air. Tlie eoniparisoii of 
capoeities hult be made in a much more dkkV orate manner Imt rarions less 
weH'known derices^ as : — hx the transfer of a charge firom one eoodenser to 
another, and the measurement of the potential be£>re and aftec the transfer : 
by the relatiTe effect of two disch:ir^!es ia of^>osite direetioas throogha 
di£G&rential galranometer ; by balancing a sucee:&$ion of dt^icharges thrMgk 
OTte coil of a diiferential galranometer against a permanent enrrent a^ostcd 
with the aid of resistance-coils : and by balancing the discharges agvnst a 
i»**vanent current in an arrangement resembling a Wheatstoae babnee. 
^ arrangements hare, it is beheredy not yet been nsed as practical tests; 
will be nsefnl to give here a ionnnia \>^ ^\i<:iV w^ vjk^ eoat^aze te 
ttmajf two or more obaerveis, wVio \kaye n^ ^V ^i^cc^sManii^n&^^i^v^ 
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have compared^ or condensers of known relative capacities. Let 
he capacity of a conductor measured in the units required for equa- 
S) ; let t = half the time of a complete oscillation of the needle of the 
IOmeter under the influence of terrestrial magnetism alone, i =» the 
to which the needle is thrown by the momentary current, R^ =s= the 
mce in B. A. units of the circuit through which the battery used to 
Q the cable would produce the unit deflection on the galvanometer, then 



_ o < sin i i 



S = 2 



w 



K 



(9) 



ccuracy with which this measurement can be made is not very great, 
: to the difficulty of measuring t on most instruments. The charge is 

be due to induction, and these tests are called induction tests ; it now 
ns to show their practical application. The discharge may be used to 
ire insulation, thus : charge the cable by contact at jp (fig. 2), and then 

contact atp without making contact at o ; the charge which is, as it 
bottled up inside the cable, leaks gradually through the gutta-percha. 
, say, one minute, make contact at o, and observe the difference between 
3flection thus obtained and that obtained when the cable is discharged 
diately after being charged. The diflerence measures the loss in one 
be. The galvanometer can in this way, by successive trials, be used to 
;ain the rate at which the charge is lost for all the tests described 
! as measured with the electrometer, though less conveniently. A 
ir test is applied by Messrs. Bright and Clark to the testing of joints, 
fit {&g, 4) is placed in an insulated trough of water connected with a 
user, the battery is applied to one end of the cable, and any slight 
»e which may occur at the joint gradually accumulates in the condenser, 
a minute or more the condenser is discharged through a galvanometer, 

1 may then show the result of a minute's accumulation even when the 
inent current passing at any moment would not have been sensible, 
hese are only the indirect consequences of the induction test. Its main 

Fig. 4. 





t_iS) 



3 is to compare the capacities of various cables and the inductive 
rties of various materials ; and the reasd why these points are im- 
at is, that the number of words which can be transmitted per minute 
gh long submarine cables is, cceieris pwnbus, inversely proportional to 
capacity ; so that a long cable A, each knot of which will, from a given 
ry, receive only half the charge received by cable B Qiojo»ai\ft k\T^ ^^C^fe't 
Its), will transmit double the number of woifta "get toiraxsHft. '^SNjl^ ^sasiSft 
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of this cannot here he explained, hut the fact is experimentally and th 
tically proved. By theory, the charge on equal lengths of two wires, coyi 

D 
with the same insulator, should he inversely proportional to log -7, when 

and d, as hefore, indicate the diameter of the insulator and conductor: 
the capacity also varies with the insulator used ; thus the charge on a 
of the Persian-Gulf cahle, insulated with gutta-percha, was 35 per 
greater than a knot of similar dimensions insulated hy Hooper's mate; 
and was somewhat more than four times greater than the charge would h 
heen had it heen possihle to find an insulator with the properties of 
instead of gutta-percha. The property of a material in virtue of which 
affects the charge is called its inductive capacity, and the ratio of the 
induced when the solid material is used to that which would he induced 
air were the insulator is called the specific inductive capacity of the matei 
It will he seen that equation (9) gives the means of expressing the capacity 
a knot of cahle in certain units. Tahle XIII. gives the calculated capadi 
of some cahles and materials in these units, with the specific indncti^ 
capacity of gutta-percha, india-ruhher, and Hooper's material. Thi 
numhers are very much less weU ascertained than the resistance m 
ments given in previous tables. Nevertheless improvement in this quality 
of very much greater importance than improvement in insulation resistancfrj 
Neither temperature nor pressure seems to affect the charge or capacity 
cahles very materially. 

4. Tests to detect Faults. — Faults in cahles may he classed as foUows:— L 
A fracture or interruption in the copper conductor, which, nevertheli 
remains insulated inside the gutta-percha covering. 2. A fracture of 
copper conductor and gutta-percha, in which a considerable length of cop] 
wire remains exposed to the water. 3. A fault intermediate between 
first two, with copper and gutta-percha both broken, but little copper 
exposed. 4. A connexion between the iron covering and the copper by ft 
nail or wire driven in. 5. A hole or imperfection in the gutta-percha j 
sheath, establishing a connexion of considerable resistance between the 
conductor and the sea. The first of these faults is of course followed by a 
total cessation of all electrical communication between the two ends of the 
cable. Its position may be detected in two ways. The charge which the 
cable will contain may be measured as above described ; and if the charge per 
knot is known, the charge observed wiU directly give the distance of the 
break; and the accuracy with which the position of the fault can be 
determined is limited only by the accuracy with which the relative charges 
can be compared: the cable is an insulated Ley den jar, the capacity of 
which is simply proportional to the length of the conductor from the shore to 
the fault ; so that if the discharge from a knot of the cable, with a given 
battery and reflecting galvanometer, is represented by a deflection of ten 
divisions, and the discharge from a cable containiog a broken copper 
conductor is 100 divisions, we may feel certain that the fault is about ten 
miles from shore. Ey the more accurate modes of comparing discharges, the 
distance of a fault of this kind, even on a long cable, might be accurately 
found. The method by the throw or deflection of a needle is not applicable 
to a very long cable, because of the time occupied by the discharge; the 
theory of the formula given above supposes that the needle moves under a 
sudden impulse, very short compared with the time of oscillation of the 
iwedle, . A second plan of detexmimng tVie -^ositioii of this kind of fault is tc 
ire ihe resistance of the insuVatVng ^ea>i)a.. ^\i\\&,M ^^>6Xtfs^\s^*<5ii 
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disoharge-tost that the cahle is insulated where broken, and find 
insulation resistance to be 1000 units, whereas the insulation resistanee 
one knot is 1,000,000 units, wo may conclude that the fault is 1000 
off, as it will require one thousand miles of sound core to give so 
resistance as 1000 units. Faults of this kind are very rare where strandi 
copper properly jointed are used. The second kind of fault enumerated 
whoUy stops communication between the two ends of the cable, and 
invariably occurs when a cable is broken with violence. The copper 
gutta-percha are then both stretched, and the gutta-percha springs 
when the copper breaks, and leaves the latter exposed : but sometimes 
copper breaks some little way firom where the gutta-percha pelds and insii 
it ; then the third kind of fault occurs, intermediate between the two fornK 
Wlieu some inches of copper are exposed, a connexion of small resLstanoe 
formed with the sea. In this case the resistance of the copper condm 
measured from the shore, measures the distance of the fault ; we know 
resistance per knot, and if we observe 500 times this resistance, the fault 
500 miles off, the resistance of the earth itself being nil. A small co; 
ought of course to be made for conduction through the insulator when 
but in good cables this may bo neglected. It is by this test that the operal 
at Valencia are able to tell that they have still the full length of the 
between them and the spot where the cable was first broken. There isli 
difilculty in determining whether a fault of this nature has occurred ; fbr 
comparatively small resistance of the cable shows that it is connected 
the sea where it ought not to be, and the constancy of that resistance 
the connexion to be complete. This brings us to the third class of 
where the connexion between the sea and the copper exists, but is im; 
or due to only a small area of exposed copper. The fault itself then 
considerable resistance, sometimes more than that of all the copper cond 
of the cable ; and, what is worse, this resistance is inconstant, varying rapi 
and capriciously between extremely wide limits. The test for resistance k 
that case simply tells us that the fault cannot be beyond the distance cont* 
sponding to the smallest resistance observed. The fourth kind of faidt cone- 
sponds almost exactly in behaviour to the second, but the connexion with titt 
sea is still more i)crfoct ; the resistance will vary still less, and there will be 
a total absence of the feeble currents which result from the copper and iroa 
of a cable when broken and separated by salt water. Earth currents, due to 
a difference of potential between the shore and sea at the fault, may of course, 
in both cases, be observed. The fifth kind of fault is easily detected : there 
is a considerable fall in the insulation resistance, and a slight or moderate 
fall in the apparent resistance of the copper conductor between the two 
stations ; but messages can still be transmitted, as a portion only of the whole 
current, inversely proportional to the resistance of the fault, escapes into the 
sea. If one station insulates the cable and the other measures the resistance, 
the fault behaves like a fault of the third class, and this test will not detect 
its position. If, however, the resistance of the fault remain constant, and the 
two measurements of resistance, R and r, be made from station A, when 
station B respectively insulates the end of the cable and connects it with the 
earth, we obtain two equations concerning the resistances, in which there is 
only one unknown quantity, viz. the resistance of the fault. When this is 
eliminated, the following equation is obtained : — 

D = r - VCRT^ rj (L":r7), (10) 

D ss the resistance of the coTiduc\,oT\i^W^eYi\)c^'^^«Ni^^«:jA*Os^^ 



(11) 



246 

= the resistance of the whole conductor between the stations. On 
»ng cables a correction for the effect of the uniform leakage through 
iulator would be necessary ; but this correction fades into insignificance 
iparison with the error introduced by the supposition that the resistance 
fault will remain constant during the two tests. SucoessiTe tests from 

stations, the distant end being insulated in each case, will also give 
[nations, by which^ on the same supposition that the resistance of the 
'emains constant, its position can be determined. Then calling B and 

1 resistance in the two cases^ we have-*- 

2 ' 

D is the resistance of the conductor between the station which 

ed the resistance R and the fault. This test labours under the same 

as the previous one. When a return insulated wire can be substituted 

Q earth, so that the observer has both ends of a complete metallic circuit 

him, the position of a fault such as is described, even of varying 
ince, can be accurately determined by more than one method. Mr. 
f uses a diffential galvanometer, a well-known instrument, to ascertain 
an equal current runs into both ends of the metallic circuit and out at 
tdt. This will only be the case when the resistance between the galva- 
er and the fault is the same by both roads ; this condition is easily 
id by adding resistance-coils between one coil of the galvanometer and 
fective wire. The resistance which must thus be added to bring the 
Lometer to zero is obviously equal to twice the resistance of the metallic 
ctor between the fault and the distant station. Prof. Wheatstone's 
;e may be so arranged as to give another method, by making the con- 
is as in ^g. 5, where the fault, supposed to be at o, forms, as it were, 
f the galvanometer wire. In this case, as in the preceding, a variation 

resistance of the fault does not affect the result ; it will cause a greater 
) deflection in the galvanometer until the desired baIa.Dce is effected ; 
will not alter the relative resistances of the several parts of the main 
J required to reduce the deflection to zero. The test in fig. 5 is made 

Pig. 5. 




justing the relative resistances of A and B nntai no deflection is 

A C 

led ; then the fault will be at a point such that _ — _, where C and 

B D 

resent the resistanee of the conductor separating m from the fault and 

1 the fault. When the total resistance of the conductor is known, this 

ive the position of the fault very accurately. Mr. John Murray, of 

)w, is said by Professor Thomson to have first applied thw t^Q&.V^«x:^ 

Niagara ' dnnng the Srat AHaniic expedition. lB^^tc»iiNCXL\i^\rs *Ca!b 
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preobely in proportion to the decretse of zemMtiaait^ between ngf 

point snd earth ; m> that if the wires AB, CD were etin^tened oni 

fig. 8, and the resistance represented by their length, tiie fiJlof tenas 

eaeh wire would be exaetly represented by ihe heiglit of the dotted s 

line shown above each conductor, the maximnm heig^ bcmg siippc 

eorrespond to the full tension of the battery. The eurrent in the tw) 

would of course be very different, but halfway along emA ikt tensioB 

be equal to half the maximum ; at two thirds the distanee, it would i 

wire be two thirds of the maximum, and so on. Now if two points 

conductors, at equal potentials or tensions, are joined by a wire, no « 

will pass along that wire, for a current is always doe to a dii 

of tension acting like a head of water : the case is analogous to ^ 

pipe joining two reservoirs ; if the water in each be at the same 1 

current will flow through the pipe, no matter how deep the reservu 

be ; so that if the galvanometer wires are applied to two points so choe 

A C 

•^Mi-ac, the tensions at those points being equal, no eonent w. 

through the galvanometer. But if the wires are applied as at y s 

current will pass through in the direction of the arrow ; and if the yt 

applied as at z and w, a current in an opposite direction will pass; so 

trial we may always ascertain the exact points at which the & 

AC 

;~=^ is fulfilled. The dotted line round A B C D in fig. 7 corres] 

the dotted line in fig. 8, and represents the gradual fall of tensions, 
the galvanometer wires are applied as at y and a: or w and z, thii 
line should be slightly modified ; but the modification will not affect tl 
of the above reasoning. 
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A Pocket-Book for Chemists, Chemical Manufacturers^ 

Metallurgists^ Dyers, Distillers, Brewers, Sugar Refiners, Photop-aphers, 
Students, etc,, etc. By Thomas Bayley, Assoc. R.C. Sc. Ireland, Ana- 
lytical and Consulting Chemist and Assayer. Fourth editioni with 
additions, 437 pp., royal 32010, roan, gilt edges, ^s. 

Synopsis of Contents: 

Atomic Weights and Factors — Useful Data — Chemical Calculation*— Rules for Indirect 
Analysis — Weights and Measures — Thermometers and Barometers — Chemical Physics-* 
Boiling Points, etc.— Solubility of Substances— Methods of Obtaining Specific Gravity — Con- 
version of Hydrometers — Strength of Solutions by Specific Gravity— Analysis— Gas Analysis- 
Water Analysis— Qualitative Analysis and Reactions— Volumetric AnaWsis— Manipulation- 
Mineralogy — Assaying — Alcohol — Beer — Sugar — Miscellaneous Technological matter 
relating to Potash, Soda, Sulphuric Add, Chlorine, Tar Products, Petroleum, Milk, Tallow, 
Photography, Prices, Wages, Appendix, etc., etc 

The Mechanician : A Treatise on the Construction 

and Manipulation of Tools, for the use and instruction of Young Engineers 
and Scientific Amateurs, comprising the Arts of Blacksmithing and Forg- 
ing ; the Construction and Manufacture of Hand Tools, and the various 
Methods of Using and Grinding them ; the Construction of Machine Tools, 
and how to work them ; Machine Fitting and Erection ; description of 
Hand and Machine Processes ; Turning and Screw Cutting ; principles of 
Constructing and details of Making and Erecting Steam Engines, and the 
various details of setting out work, etc., etc. By Cameron Knight, 
Engineer. Containing 11 47 illustrations, and 397 pages of letter-press, 
FourUi edition, 4to, cloth, iSx. 
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ytai PuhlitJud, in Demy Sva, clotht coHiaining 975 Paget and 250 Illustraiiontt prkeitM. 

SPONS' HOUSEHOLD MANUAL: 

A Treasury of Domestio Beoeipts and Ouide for Home Hanagemenl 



\y-V-^-'^rf-N^ 



PRINCIPAL CONTENTS. 

Hints for ■aleotixiff a orood House, pointing out the essential requixements for 
a good house as to the Sit«, Soil, Trees, Aspect* Construction, and General AxraBKemeBt; 
with instructions for Reducing Edioes, Waterproofing Damp Walls, Curing Damp Cdlan. 

Sanitation*— What should constitute a good Sanitary Arrangement ; Examines (with 
illustrations) of Well- and Ill-drained Houses ; How to Test Drains ; Ventilating I^ies,etc. 

Water Supply.— Care of Cisterns ; Sources of Supply ; Pipes ; Pumps ; Purification 
and Filtration of Water. 

Ventilation and Warming. — Methods of Ventilating without cauang cold 
draughts, by various means ; Principles of Warming ; Health Questions ; Combustion : Op^ 
Grates ; Open Stoves ; Fuel Economisers ; Varieties of Grates ; Clos&>Fire Stoves ; Hot-air 
Furnaces ; Gas Heating ; Oil Stoves : Steam Heating ; Chemical Heaters ; Management of 
Flues ; and Cure of Smoky Chimneys. 

Liflrhtinflr.— The best methods of Lighting ; Candles, Oil Lamps, Gas, Incandescent 
Gas, Electric Light i How to test Gas Pipes ; Management of Gas. 

Furniture and Decoration. — Hints on the Selection of Furniture ; on the most 
approved methods of Modem Decoration ; on the best methods of arranging Bells and Calls; 
How to Construct an Electric Bell. 

Tllieves and Fire.— Precautions against Thieves and Fire ; Methods of Detection ; 
Domestic Fire Escapes ; Fireproofing Clothes, etc 

The Larder.— Keeping Food fresh for a limited time ; Storing Food without duuoge, 
such as Fruits, Vegetables, Eggs, Honey, etc 

OurinflT Foods for lengthened Preservation, as Smoking, Salting, Canning, 
Potting, Pickling, Bottling Fruits, etc ; Jams, Jellies, Marmalade, etc. 

The Dairy. — The Building and Fitting of Dairies in the most approved modem style ; 
Butter-making ; Cheesemaking and Ciu^g. : 

The Cellar. — Building and Fitting; Cleaning Casks and Bottles ; Corks and Coricins; ; 
Aerated Drinks ; Syrups tor Drinks ; Beers ; Bitters ; Cordials and Liqueurs ; Wines ; 
Miscellaneous Drinks. 

The Pantry. — Bread-making ; Ovens and Pyrometers ; Yeast ; German Yeast ; 
Biscuits; Cakes ; Fancy Breads; Buns. 

The Kitchen. — On Fitting Kitchens ; a description of the best Cooldng Ranges, close 
and open ; the Management and Care of Hot Plates, Baking Ovens, Dampe», Flues, and 
Chimneys; Cookin|^ by Gas; Cooking by Oil; the Arts of Roasting, Grilling, Boiling, 
Stewing, Braising, Frying. 

Beceipts for Dishes —Soups, Fish, Meat, Game, Poultry, Vegetables, Salads, 
Puddings, Pastry, Confectionery, Ices, etc., etc ; Foreign Dishes. 

The Housewife's Boom.— Testing Air, Water, and Foods ; Cleaning and Renovat* 
ing : Destroying Vermin. 

Housekeepings, Marketiner. 

The DininfiT-Room.— Dietetics ; Laying and Waiting at Table : Carving ; Dinners, 
Breakfasts, Luncheons, Teas, Suppers, etc. 

The Drawingr-Room.- Etiquette ; Dancing ; Amateur Theatricals ; Tricks and 
Illusions ; Games (indoor). 

The Bedroom and Dressing-Room ; Sleep ; the Toilet ; Dress ; Buying Clothes ; 
Outfits ; Fancy Dress. 

The Nursery.— The Room ; Clothing ; Washing ; Exercise ; Sleep ; Feedmg ; Teeth- 
ing ; Illness ; Home Training. 
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The Batll-Room.— Bathing in General ; Management of Hot- Water System. 

^ Tlie liaundry. — Small Domestic Washing Machines, and methods of getting up linen ; 
Fitting up and Working a Steam Laundry. 

Tlie School-Room.— The Room and its Fittings ; Teaching, etc. 

The Playground. — Air and Exercise; Training; Outdoor Games and Sports. 

The Workroom. — Darning, Patching, and Mending Garments. 

The Library.— Care of Books. 

The G-arden.~Calendar of Operations for Lawn, Flower Garden, and Kitchen 
<7arden. 

The Farmyard-^Management of the Horse, Cow, Pig, Poultry, Bees, etc., etc. 

Small Motors. — A description of the various snlall Engines useful for domestic 
purposes, from z man to z horse power, worked by various methods, such as Electric 
Engines, Gas Engines, Petroleum Engines, Steam Engines, Condensing Engines, Water 
Power, Wind Power, and the various methods of working and managing them. 

Sousehold Law.— The Law relating to Landlords and Tenants, Lodgers, Servants, 
Parochial Authorities, Juries, Insurance, Nuisance, etc 

On Designing' Belt Gearing. By E. J. Cowling 

Welch, Mem. Inst Mech. Engineers, Author of 'Designing Valve 
Gearing.* Fcap. 8vo, sewed, dd. 

A Handbook of Formulce, Tables, and Memoranda^ 

for Architectural Surveyors and others engaged in Building, By J. T, 
Hurst, C.E. Fourteenth edition, royal 32mo, roan, Sj. 

" It is no disparagement to the many excellent publications we refer to, to say that in our 
■opinion this little pocket-book of Hurst's is the very best of them all, without any exception. 
It would be useless to attempt a recapitulation of the contents, for it appears to contain alinost 
everything that anyone connected with building could require, and, best of all, made up in a 
compact form for carrying in the pocket, measuring only 5 in. by 3 in., and about f in. tiiick, 
in a limp cover. We congratulate the author on the success of his laborious and practically 
compiled little book, which has received unqualified and deserved praise from every profes- 
sional person to whom we have shown it." — The Dublin Builder, 

Tabulated Weights of Angle, Tee, Bulb, Rounds 

Square^ and Flat Iron and Steel, and other information for the use of 
Naval Architects and Shipbuilders. By C. H. Jordan, M.LN. A. Fourth 
edition, 32mo, cloth, 2x. dd, 

A Complete Set of Contract Documents for a Country 

Lodge, comprising Drawings, Specifications, Dimensions (for quantities), 
Abstracts, Bill of Quantities, Form of Tender and Contract, with Notes 
by J. Leaning, printed 4n facsimile of the original documents, on single 
sheets fcap., in paper case, lox. 



A Practical Treatise on Heat, as applied to the 

Useful Arts; for the Use of Engineers, Architects, &c. By THOMAS 
Box. With i^ plates. Third edition, crown 8vo, cloth, \2s, id. 



A Descriptive Treatise on Mathematical Drawing 

Instruments: their construction, u§es, qualities, selection, preservation, 
and suggestions for improvements, with hints upon Drawing and Colour- 
ing. By W. F. Stanley, M.R.I. Fifth edition, with numerous illustrations , 
crown 8vo, cloth, 5^. 
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Quantity Surveying. By J. Leaning. With 42 illus- 
trations. Second edition, revised, crown Svo, doth, 9x. 

Contents : 



A complete Explanation of the London 

Practioe. 
General Instructions. 
Order of Taking Off. 

Modes of Measurement of the various Trades. 
Use and Waste. 
Ventilation and Warming. 
Credits, with various Examples ofTreatment. 
Abbreviations. 
Squaring the Dimensions. 
Abstractmg, with Examples in illustration <^ 

each Trade. 
Billing. 

Examples of Preambles to each Trade. 
Form for a Bill of Quantities. 
Do. Bill of Credits. 
Do. Bill for Alternative Estimate. 
Restorations and Repairs, and Form of BilL 
Variations before Acceptance of Tender. 
Errors in a Builder's Estimate. 



Schedule of Prices. 

Form of Schedule of Prices. 

Analysis of Schedule of Prices. 

Adjustment of Accotmts. 

Form of a Bill of Variations. 

Remarks on Specifications. 

Prices and Valuation of Work, with 

Examples and Remarks upon each Trade. 
The Law as it affects Quantity Surveyors, 

with Law Reports. 
Taking Off after the Old Method. 
Northern Practioe. 
The General Statement of the Methods 

recommended by the Manchester Society 

of Architects for taking Quantities. 
Examples of Collections. * 
Examples of *' Taking Off" in each Trade. 
Remarks on the Past and Present Methods 

of Estimatiitg. ~^ 



Spons^ Architects^ and Builders Price Book^ with 

useful Memoranda, Edited by W. Young, Architect. Crown 8vo, cloth, 
red edges, 3.r. td. Published annually. Sixteenth edition. Now ready, 

Long-Span Railway Bridges, comprising Investiga- 
tions of the Comparative Theoretical and Practical Advantages of the 
various adopted or proposed Type Systems of Construction, with numerous 
Formulae and Tables giving the weight of Iron or Steel required in 
Bridges from 300 feet to the limiting Spans ; to which are added similar 
Investigations and Tables relating to Short-span Railway Bridges. Second 
and revised edition. By B. Baker, Assoc. Inst C.E. Plates, crown 8vo, 
cloth, 5j. 

Elementary Theory and Calculation of Iron Bridges 

and Roofs, By AUGUST Ritter, Ph.D., Professor at the Polytechnic 
School at Aix-la-Chapelle. Translated from the third German edition, 
by H. R. Sankey, Capt. R.E. With 500 illustrations, 8vo, cloth, 15J. 

The Elementary Principles of Carpentry. By 

Thomas Tredgold. Revised from the original edition, and partly 
re-written, by John Thomas Hurst. Contained in 517 pages of letter- 
press, and illustrated with 48 plates and 150 wood engravings. Sixth 
edition, reprinted from the third, crown 8vo, cloth, I2J. dd. 

Section I. On the Equality and Distribution of Forces — Section II. Resistance of 
Timber — Section III. Construction of Floors — Section IV. Construction of Roofs — Sec- 
tion V. Construction of Domes and Cupolas — Section VI. Construction of Partitions- 
Section VII. Scaffolds, Staging, and Gantries — Section VIII. Construction of Centres for 
Bridges — Section IX. Coffer-dams, Shoring, and Strutting — Section X. Wooden Bridges 
and Viaducts— Section XI. Joints, Straps, and other Fastenings — Section XII. Timber. 
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The Builders Clerk : a Guide to the Management 

of a Builder's Business. By Thomas Bales. Fcap. 8vo, cloth, is. 6d. 

Our Factories, Workshops, and Warehouses: their 

Sanitary and Fire-Resisting Arrangements. By B. H. Thwaite, Assoc 
Mem. Inst C.£. With 183 wood engravings, crown 8vo, cloth, 9^. 

Gold : Its Occurrence and Extraction, embracing the 

Geographical and Geological Distribution and the Mineralogical Charac- 
ters of Gold-bearing rodcs ; the peculiar features and modes of working 
Shallow Placers, Rivers, and Deep Leads ; Hydraulicing ; the Reduction 
and Separation of Auriferous Quartz ; the treatment of complex Auriferous 
ores containing other metals ; a BibUography of the subject and a Glossary 
of Technical and Foreign Terms. By Alfred G. Lock, F.R.G.S. With 
numerous illustrations and maps, 1250 pp., supet-royal 8vo, cloth, 
2/. 12S. 6d. 

Iron Roofs : Examples of Design, Description. Illus- 
trated with .64 Working Drawings of Executed Roofs, By Arthur T. 
Walmisley, Assoc. Mem. Inst C.E. Second edition, revised, imp. 4to, 
half-morocco, 3/. 3J. 

A History of Electric Telegraphy, to the Year 1837. 

Chiefly compiled from Original Sources, and hitherto Unpublished Docu- 
ments, by J . J. Fahie, Mem. Soc of Tel. Engineers, and of the Inter- 
national Society of Electricians, Paris. Crown 8vo, doth, 9/. 

Spons* Information for Colonial Engineers. Edited 

by J. T. Hurst. Demy 8vo, sewed. 

No. I, Ceylon. By Abraham Deane, C.E. 2x. 6d, 

Contents : 

Introductory Remarks— Natural Productions — Architecture and Engineering ^Topo- 
graphy, Trade, and Natural History— Principal Stations-^ Weights and Measures, etc., etc. 

No. 2. Southern Africa, including the Cape Colony, Natal, and the 
Dutch Republics. By Henry Hall, F.R.G.S., F.R.C.L With 
Map. 3x. 6d. 

Contents : 

General Description of South Africa— Physical Geography with reference to Engineering 
Operations— Notes on Labour and Material in Cape Colony— Geological Notes on Rock 
Formation in South Africa — Engineering Instruments for use in South Africa — ^Principal 
Public Works in Cape Colony: Railways, Mountain Roads and Passes, Harbour Woncs, 
Bridges, Gas Works, Irrigation and Water Stumly, Li^^hthouses, Drainage and Sanitary 
Engineering, Public Buildings, Mines— Table of^ Woods in South Africa—Animals used for 
Draught Purposes— Statistical Notes— Table of Dbtances— Rates of Carriage, etc. 

Na 3. India. By F. C. Danvers, Assoc. Inst C.E. With Map. 4/. 6d, 

Contents : 

Physical Geography of India— Building Materials— >Roads—Ranway»-*6ridges— Irriga- 
tion— River Works — Harbours— Lighthouse Buildings— Native Labour— The Principal 
Trees of India— Money— Weights and Measures— Glosury of Indian Terms, etc 
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A Practical Treatise on Coal Mining. By George 

G. AndrI(, F.G.S., Assoc Inst C.E., Member of the Society of Engineers. 
With 82 lithographic plaUs, 2 vols., royal 4to, doUi, ^I2s. 

A Practical Treatise on Casting and Founding, 

including descriptions of the modem machinery emplcr^ed in the art By 
N. £. Spretson , Engineer. Third edition, with 82 pUttes drawn to 
scaler 413 pp., demy Sto, doth, 181. 

The Depreciation of Factories and their Valuation. 

By EwiNG Matheson, M. Inst. C.E. 8vo, doth, 6x. 

A Handbook of Electrical Testing. By H. R. Kempe, 

M.S.T.E. Fourth edition, revised and enlarged, crown 8vo^ doth, i6f. 

Gas Works : their Arrangement, Construction, Plant, 

and Machinery. By F. Colyer, M. Inst C.E. H^h z^ folding plaUs^ 
8vo, doth, 341. 

The Clerk of Works: a Vade-Mecum for all engaged 

in the Superintendence of Building Operations. By G. G. liOSKlNS, 
F.R.I.B.A. Third edition, fcap. 8vo, doth, u. 6d. 

American Foundry Practice: Treating of Loam, 

Dry Sand, and Green Sand Moulding, and containing a Practical Treatise 
upon the Management of Cupolas, and the Melting of Iron. By T. D. 
West, Practical Iron Moulder and Foundry Foreman. Second edition, 
with numerous illustrations^ crown 8vo, clo&, iQf. 6d, 

The Maintenance of Macadamised Roads. By T. 

CoDRiKGTON, M.I.C.E, F.G.S., General Superintendent of County Roads 
for South Wales. 8vo, cloth, ts. 

Hydraulic Steam and Hand Power Lifting and 

Pressing Machinery, By Frederick Colyer, M. Inst C.E., M. Inst M.E. 
With ya/Zfl/^-j, 8vo, cloth, i&r. 

Pumps and Pumping Machinery, By F. Colyer, 

M.I.C.E., M.I.M.E. With 2^^ folding plates, 8vo, cloth, \zs, td, 

Pu7nps and Pumping Machinery. By F. Colyer. 

Second Part With ix large plates^ 8vo, cloth, I2j. hd, 

A Treatise on the Origin, Progress, Prevention, and 

Cure of Dry Rot in Timber; with Remarks on the Means of Preserving 
Wood from Destruction by Sea- Worms, Beetles, Ants, etc. By Thomas 
Allen Britton, late Surveyor to the Metropolitan Board of Works, 
etc., etc. With 10 plates, crown 8vo, cloth, yj. td. 
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The Municipal and Sanitary Engineer s Handbook. 

By H. Percy Boulnois, Mem. Inst. C.E., Borough Engineer, Ports- 
mouth. With numerous illustrations^ demy 8vo, cloth, I2x. 6t/. 

Contents : 

The Appointment and Duties of the Town Surveyor— -Traffic— Macadamised Roadways- 
Steam Rollmg — Road Metal and Breaking — Pitched Pavements — Asphalte— Wood Pavements 
— Footpaths— Kerbs and Gutters — Street Naming and Numbering— Street Lighting — Sewer- 
age—Ventilation of Sewers — Disposal of Sewage — House Drainage — Disinfection— Gas and 
Water ComiMmies,' etc.. Breaking up Streets — Improvement of Private Streets— 'Borrowing 
Powers — Artizans' and Labourers' Dwellings— Public Conveniences— Scavenging, indudine 
Street Cleansing — Watering and the Removing of Snow— Plantini^ Street Trees — Deposit of 
Plans— Dangerous Buildings — Hoardings — Obstructions — Improvme Street Lines — Cellar 
Openings— Public Pleasure Grounds— Cemeteries — Mortuaries — Cattle and Ordinary Markets 
—Public Slaughter-houses, etc.— Giving numerous Forms of Notices, Specifications- and 
General Information upon these and other subjects of great importance to Municipal Engi- 
neers and others engaged in Sanitary Work. 

Metrical Tables. By G. L. Molesworth, M.LC.E, 

32010} doth, i^. dd. 

Contents. 

General— Linear Measures — Square Measures — Cubic Measures— Measures of Capacity- 
Weights— Combinations— Thermometers. 

Elements of Construction for Electro-Magnets. By 

Count Th. Du Moncel, Mem. de Tlnstitut de France. Translated from 
the French by C. J. Wharton. Crown 8vo, cloth, 41. 6^. 

Practical Electrical Units Popularly Explained^ with 

numerous illustrations and Remarks. By James Swinburne, late of 
T. W. Swan and Co., Paris, late of Brush-Swan Electric Light Company, 
U.S.A. i8mo» cloth, \s, 6d. 

A Treatise on the Use of Belting for the Transmis- 
sion of Power. By J. H. Cooper. Second edition, illustrated^ 8yo, 
cloth, 15^. 

A Pocket-Book of Useful Formula aiid Memoranda 

for Citfil and Mechanical Engineers. By Guilford L. Molesworth, 
Mem. Inst. C.E., Consulting Engineer to the Government of India for 
State Railways. With numerous illustrations^ 744 pp. Twenty-second 
edition, revised and enlarged, 32mo, roan, ds. 

Synopsis of Contents: 

Surveying, Levelling, etc. — Strength and Weight of Materials—Earthwork, Bridcwork, 
Masonry, Arches, etc. — Struts, Columns, Beams, and Trusses— Flooring, Roofing, and Roof 
Trusses— Girders, Bridges, etc. — Railways and Roads — Hydraulic Formulae— Canals. Sewers, 
Waterworks, Docks — Irrigation and Breakwaters — Gas, Ventilation, and Warming— Heat, 
Light, Colour, and Sound — Gravity : Centres, Forces, and Powers-rMillwork, Teeth of 
Wheels, Shafting, etc. — Workshop Recipes — Sundry Machinery^-Animal Power— Steam and 
the Steam Engine— Water-power, Water-wheels, Turbines, etc. — Wind and Windmills^ 
Steam Navigation, Ship Building, Tonnage, etc.— Gunnery, Projectiles, etc. — ^Weights, 
Measures, and Moneys— Trigonometry, Conic Sections, and Curves— Tel^^phy— Mensura- 
tion— Tables of Areas and Circumference, and Arcs of Circles — Logarithms, Square and 
Cube Roots, Powers — Reciprocals, etc. — Useful Numbers — ^Differential and Integral Calcu- 
lus — ^Algetnraic Signs — Telegraphic Construction and Formulae. 
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Sanitarv Jinnnccnnor: a Guide to the Construction 

<»f Works of Scwfiajje an«l Housc Draina^rc, with Tables for facilitating 
the calculations ol the Kiij^inccr. Ily Uai.dwin Latham, C.E., M. Inst. 
C.K., K.d.S., r'.M.S., Past-ricjijlcnt of the Sodety of Kngineers. Second 
edition, vith ftnmt'rous /^Lite^ and voodciitSy 8vo, cloth, i/. xor, 

Scrcic* Cuftiua; Tables for Engineers and Alachinists, 

j;ivinij the valuis of the different trains of Wheels required to produce 
Screws of any pilch, calculated by Lord Lindsay, M.P., K.R.S., F.R.A.S., 
etc. Cloth, oblonj;, 2s, 



Scrctu Cutting Tables, for the use of Mechanical 




Second edition, oblong, cloth, u., or sewed, 6</. 

A Treatise on a Praetieal MetJiod of Designing Slide- 

Vahf Gears by Simpk Geometrical Construction^ based upon the principles 
enunciated in Euclid's Kleinents, an<l coniprisin«if the various fomis of 
Plain Slide- Valve an<l Expansion Clearing ; together with Stephenson's, 
Gooch's, and Allan's Link-Motions, as applied either to reversing or to 
variable expansion combinations. r>y I-'dward J. CowLiNG Welch, 
Momb. Inst. Me<hanical llngincers. Crown 8vo, cloth, 6.<'. 

Cleaning and Scouring : a Manual for Dyers, Laun- 
dresses, and for Domestic Use. \\y S. Christopher. i8mo, sewed, 6d, 

A Glossary of Terms used in Coal Mining. By 

William S iukkley Grksley, Assoc. Mem. Tnst. C.E., F.G.S., Member 
of the North of England Institute of Mining Engineers. Illustrated ivith 
fiumerous itHwlcuts and diai^raniSf crw.vn 8vo, cloth, 5.f. 

A Poclcet'Booh for Boiler Makers and Steam UserSy 

comprising a variety of useful information for Employer and Workman, 
(lovernment Inspectors, Hoard of Trade Surveyors, Engineers in charge 
of Works and Slips, Foremen of Manufactories, and the general Steam- 
using Public, liy Maurice John Skxtox. Second edition, royal 
32mo, roan, gilt edges, 5.r. 

Electrolysis: a Practical Treatise on Nickeling, 

Coppering, (jilding, Silvering, the Refining of Metals, and the treatment 
of (>Tes by means of Electricity. Bv IIiProi.YTE Eontaink, translated 
from the French by J. A. P.krly, C'lC, Assoc. S.T.E. With enf^ravings, 
8vo, cloth, 9 J. 
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Sarlo'vJs Tables of Sqtiares, Cubes, Square Roots, 

Cube Roots, Reciprocals of all Intei:^er Numbers up to io,ocx>. Post 8vo, 
clotb, 6j. 

yl Practical Treatise on the Stearn Engine, con- 
taining; Plans and Arrangements of Details for Fixed Steam Engines, 
with Essays on the Principles involved in Design and Construction. By 
Arthur Rigg, Engineer, Member of the Society of Engineers and of 
the Royal Institution of Great Britain. Demy 4to, copiously illustrated 
with woodcuts and 96 plates, in one Volume, half-bound morocco, 2/. 2J. ; 
or cheaper edition, cloth, 25J. 

This work Is not, in any sense, an elementary treatise, or history of the steam engine, but 
is intended to describe examples of Fixed Steam Knj^incs witliuut entering into the wide 
domain of locomotive or marine practice. To this end illustrations will be given of the most 
recent arrangements of Horizontal, Vertical, Beam, Pumping, Winding, Portable, Semi- 
portable, Corliss, Allen, Cum^Kjund, and other similar Engines, by the most eminent Firms in 
Great Britain and America. The laws relating to the action and precautions to be obser%'ed 
in the construction of the varioii.t details, such as Cylinders, Piston^, IH^ton-rods, Connecting- 
rods, Cross-heads, Motion-blucks, Kcccntrics, Simple, Kxpau^iun, Balanced, and Equilibrium 
Slide'Valves, and Valve-gearing will be minutely dealt with. In this connection will be found 
articles upon the Velocity of Reciprocating Parts and the Mode of Applying the Indicator, 
Heat ana Expansion of Steam (.iovcrnors, and the like. It is the writer's desire to draw 
illustrations from cvcr>' po.>-'siblc source, and give only those rules that present practice deems 
correct. 

A Practical Treatise on the Science of Land and 

Engineering Surveying, Levelling, Estimating Quantities, etc, with a 
general descripticm of the several Instruments required for Surveying, 
Levelling, Plottinjj, etc. By II. S. Merrett. Fourth edition, revised 
by G. W. UsiLT., Assoc. Mem. Inst. C.K. 41 plates, with illustrations 
and tables, royal 8vo, cloth, 12^. 6d, 
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Principal Contents : 

Part X. Introduction and the Principles of Geometry. Part a. I^and Surveying; com- 
ising General Observations — ^The Cham — Offsets Surveyiiig by the Chain only — Surveying 
illy Ground — To Survey an IC>tate or Parish by the Chain only — Surveying with the 
Theodolite — Mining and Town .Surveying — Railro.id Surveying — Mapping — Division and 
I«ayxng out of Land — Observations on Enclosures — Plane Trigonometry. Part 3. Levelling— 
Simple and Compound Levelling — The Level Dook — Parliamentary Plan and Section- 
Levelling with a Theodolite— Gradients — Wooden Curves — To Layout a Railway Curve— 
Setting out Widths. Part 4. Calculating Quantities generally for Estimates — Cuttings and 
Kmbankments — ^Tunnels— lirickwork — Ironwork — ^Timber Measuring. Part 5. Description 
and Use of Instnnnents in Surveying and I'lotting — The Improved Dumpy Level — Troughton's 
Level — The Prismatic Compass — ProportiomU Compass — Hox Sextant — Vernier — Panta- 

nal Scale- 
Sines and 
Earthwork, 
lor Setting out Cur^'es, and for various Calculations, etc., etc., etc. 

Health and Comfort in House Bnilding, or Ventila- 
tion with Warm Air by Self-Acting Suction Forever, with Review of the 
mode of Calculating; the Draught in Hot- Air Flues, and with some actual 
Experiments. By J. Drysdale, M.D., and J. W. IIayward, M.D. 
Second edition, with Supj^lemcnt, with plates , demy 8vo, cloth, 7j. td. 
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The Ass(7]rrs Mivmal: an Abridofed Treatise on 

the ])i>cinia^lio Kxaniination of Ores and Furnace and other Artificial 
rr..duct-. liy r.KiNo K1.RI.. Translated by \Y. T. Brannt. PVtiA6$ -' 
i.'.\"s/ritf:';:f, Svp, cinih, I2x. 61/. 



Elect ricHy: its Theory, Sources, and Applications. 

lly J. T. SriiACiK, M.S.T.K. Second edition, revised and enlarged, tvith 
numerK-us aiiistiwthus^ crown 8vn, cloth, 15J. 



The Practice of Hand Tn miner in Wood, Ivory ^ Shell, '. 

e/t'.f with ln>trucii>ns for Turning such Work in Metal as may be required 
in tlie Practice nf Turnini; in \Vood, Ivory, etc. ; also an Appendix on 
Ornamental Turnin:;. (A bt»ok for beginners.) By Francis CampiN. 
Tliii I edition, rivV/i Ti'i».u.'w/;'</r7;/.^''j', crown 8vo, cloth, 6s, 

Contexts : 

On Ij.itlie"*— 'Turninj: Tools— Tuniitig Wood — Drilling — Screw Cuttings — l^Iiscellaneous 
Appar.it'.i-i .uul rrocc^NCN— Turniui; Particular Forms — Staining— Polibhxng—Sphiuing Metals 
— Matt'ii.ils— Ornamrnlal Turning, etc. 

Treatise on IVatc/n^^ork, Past and Present. By the 

Rev. II. L. Nm^THRorp, M.A., F.S.A. Ulth 32 iUustrations, crown 
8vo, ch»th, 6.f. 61/. 

Contents : 

T^efin-.tions of Words nn<l Terms used in Watchwork — ^Tools — Time— Historical Sum- 



es— Keyless W.iti:hc»— 'I'lie l*cnduluin, or Spiral Spring— Compensation— Jewelling ot 
l^ivot Holes — Clcrkenwcll— rull.icics of the Trade — Incapacity of Workmen— How to Choose 
and M^%:. x Watch, etc. 

Algebra Sclf-Taiight. By W. P. Higgs, M.A.,. 

I).Sc., LL.D., Assoc. Inst C.E., Author of * A Handbook of the Differ- 
ential Calculus,' etc. Second ciliiion, crown 8vo, cloth, 2j. 6J, 

Contents : 

Symbols and the Signs of Operation— The Equation and the Unknown Quantity— 
Positive and Xeitativc QuautiticN Multiplication — Invulution — Exponents— Negative Expo- 
nents — Roots, and the Use of Exponents a-* Logarithms — Lojjarithms — Tables of Logarithms 
and Proixirtionute Parts — rransiorniation of System of Logarithms — Common Uses of 
(^ommon Logarithms — i'oinpoi:n<l Multiplication and the liinomial Theorem — Division, 
Fractions, and Ratio— Continued IVoportiun— The Series and the Summation of the Series^ 
Limit of Series — Square and Cube Roots — Equations — List of Formulae, etc. 

Spons" Dictionary of Engineering, Civil, Mechanical^ 

Military^ ami Naral: witli teclmical terms in F*rench, German, Italian, 
and S]^anish, 3100 pp., and nearly 8000 engravin<^s, in super-royal Svo, 
in 8 divisions, $/. Sj. Complete in 3 vols., cloth, $/. 5^. Bound in a 
superior manner, half-morocco, top edge gilt, 3 vol.;., 6/. X2x. 
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:Notes in Mechanical Engineering. Compiled prin- 
cipally for the use of the Students attending the Classes on this subject at 
the City of London College. By Henry Adams, Mem. Inst M.E., 
Mem. Inst. C.E., Mem. Soc. of Engineers. Crown 8vo, cloth, 2f. 6</. 

• Canoe and Boat Building : a complete Manual for 

Amateurs, containing plain and comprehensive directions for the con- 
struction of Canoes, Rowing and Sailing Boats, and Hunting Craft. 
By W. P. Stephens. With numerotis illustrations and 24 plates of 
Working Drawings. Cro\vn 8vo, cloth, 7j. 6</. 

Proceedings of the National Conference of Electricians^ 

Philadelphia^ October 8th to 13th, 1884. i8mo, cloth, 3J. 

f Dyftamo - Electricity^ its Generation, Application, 

Transmission, Storage, and Measurement. By G. B. Prescott. With 
545 illustrations. 8vo, cloth, i/. u. 

r 

T ^Domestic Electricity for Amateurs. Translated from 

the French of E. Hospitalier, Editor of "L'Electricien," by C. J, 
- Wharton, Assoc. Soc. Tel. Eng. Numerous illustrations. Demy 8vo, 

' cloth, 9/. 

^* Contents : 

'^ , ■ X. Production of the Eleclric Current— 2. Electric Bells — 3. Automatic Alarms— 4. Domestic 
•*ij- Telephones — 5. Electric Clocks — 6. Electric Lighters — 7. Domestic Electric Lighting— 
»^_ 8. Domestic Application of the Electric Light— 9. Electric Motors— zo. Electrical Locomo- 
pV tion— XI. Electrotyping, Plating, and Gilding— 12. Electric Recreations — 13. Various appli- 
' cations— Workshop of the Electrician. 

'i\. Wrinkles in Electric Lighting. By Vincent Stephen. 

\ ' IVith illustrations, i8mo, cloth, 2s, 6d, 

•■^ . Contents : 

% > X, The Electric Current and its production by Chemical means— 2. Production of Electric 
ii" '. Currents by Mechanical means — 3. Dynamo-Electric Machines— 4. Electric Lamps— 
I; . ' 5. Lead— 6. Ship Lighting. 

The Practical Flax Spinner ; being a Description of 

the Growth, Manipulation, and Spinning of Flax and Tow. By Leslie 
I'-. C. Marshall, of Belfast. With illustrations, 8vo, cloth, 15J. 

Foundations and Foundation Walls for all classes of 

Buildings^ Pile Driving, Building Stones and Bricks, Pier and WiU 
|; constniction. Mortars, Limes, Cements, Concretes, Stuccos, &c. 64 illuS' 

irations. By G. T. Powell and F. Bauman. 8vo, cloth, lor, 6d, 

m 



*■:■ 



i6 ('ATALOCU'K OF SCIKNTIFIC HOOKS 

Manual tor (/as /ifii^'ifU'crhii?' Sindcnfs. liv 1). Lll. i 

iSii.ii, ill 'ill 1..-. 

Ifrdranlii Mac/iiiurw Past and Prcscu/. A Lccturt: 

tlciivcr.'l l«) tlio I.uM<li»!i ;.:i'l SuluiilMn Kailway < 'rt'icials* Associaliuii. 
IJy II. Ai».\MS. Mem. In>t. C.K. /Wi/Z'-v /««''►'. J5vo, scwctl, is, 

Ticcnty Years "unth the Indicator, 13y Tik.^mas Prav, 

Jun.ri'.K., M.K., Meiiiljcr of tlic Ainuiican Sucicty of Civil Engineers. 
z \ «•!>., royal Svo, c1»j'.iJ, Ms. Cj\ 

Annual Statistical Report of the Secretary to the 

J/<7//''<". .» of the Iron mid StccI s-tssoiulioii oti the Home aftti J-'ori\\^.'i Inn 
unJ SUr! Induslrics in 1S84. Issued March 1S85. S\i», sewed, 5^. 

Bad Jh'ains, and lfoi<^ to Test them ; with Notes on 

ihc Wnlilalinii uf Scwcis, Drain.-, and Sanitary Fittings, and ilic ( Mij^ln 
and Transmission ol /ynioiic l>iscasc. Dy K. Harris Ri:lvi:s. Crown 
8v»), cloth, 3'. 6:/. 

I Tell Sinhiuif. The modern practice of Sinking" 

.Old IJoiin,;; \Vcll.s, with j;i«>Io^ical coi.s:i«it'rations and examples of Well-. 
l>y 1-KM.^i Si'.»N. As-oc. Mem. Inst. C.K., Mem. ^oe. riijj., and of the 
I"ranklin liisl., etc. Sec«»nd edili'-n, re\i"-cd and enlarj^ed. Crown Svo, 
cloth, los. 61/. 

Pneumatic Transmission of Messao;es and Parcels 

between Paris and London, via Ci/iiis and Dover, l]y J. B. Beki.ier, 
C.K. Small folio, .«jcwc<1, 6./. 

List of Tests {Peaoents), arninj:jcd in alphabetical 

order, according to the names of the originators. Designed especially 
for ihe convenient reference of Chemi.-ts, rharmacists, and Scientists. 
Ily ILvNh M. Wii.DLR. Crown Svo, cloth, 4^ Od. 

Ten Years Experience in lYorhs of Intermittent 

J)own7vard lultration. \\s J. Uaii.ky Denton, Mem. Inst. C.K. 
Si.cond edition, with addition.^. Royal 8vo, sewed, 4.^. 

A Treatise on ihe Manufacture of Soap and Candles, 

J.iibrieants and dyeeiin, Hy W. l.ANr Cari'KNTKk, JJ.A., B.Sc. (late 
of Mesi>rs. C. Thomas and Brothers, Bristol). With illustrations. Crown 
cloth, loj. 6./. 
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T^he Stahhty of Skips explained simply^ and calculated 

by a new Graphic method. By J. C. Spence, M.LN.A. 410, sewed, 

Steam Makings or Boiler Practice. By Charles A. 

Smith, C.E. 8vo, cloth, lor. 6df. 

Contents : 

" t. The Natufe of Heat and the Properties of Steam— a. Combustion.— 3. Externally Fired 
Sta ti o n a iy Boilers— |. Internally Fired Stationary Boilers— 5. Internally Fired Portable 
Locomotive and Marine Boilers— 6. Design, Construction, and Strength of Boilers— 7. Pro- 
portions of Heating Surface, Economic Evaporation, Explosions— 8. Miscellaneous Boilers, 
Choice of Boiler Fittings and Appurtenances. 

The Fireman! s Guide ; a Handbook on the Care of 

Boilers. By Teknolog, fdreningen T. I. Stockholm. Translated from 
the third edition, and revised by ICarl P. Dahlstrom, M.E. Second 
edition. Fcap. 8vo, cloth, 2s, 

A. Treatise on Modern Steam Engines and Boilers, 

including Land Locomotive, and Marine Engines and Boilers, for the 
use of Students. By Frederick Colyer, M. Inst. C.E., Mem. Inst M.E. 
With 2fiplaUs. 4to, cloth, 25^. 

Contents ; 

*" X. Introduction — 2. Original Engines — ^3. Boilers — ^4. High-Pressure Beam Engines— 5. 
Comish Beam Engines — 6. Horizontal Engines — 7. Oscillatmg Engines — 8. Vertical High- 
Pkessure Engines— 9. Special Engines — xo. Portable Engines— zz. Locomotive Engines— 
19. Marine Engines. 

Steam Engine Management; a Treatise on the 

Working and Management of Steam Boilers. By F. Colyer, M. Inst. 
C.E., Mem. Inst. M.E. i8mo, cloth, 2j. 

Land Surveying on tJie Meridian and Perpendicular 

System. By William Penman, C.E. 8vo, cloth, &r. 6d. 

The Topographer, his Instruments and Methods, 

designed for the use of Students, Amateur Photographers, Surveyors, 
Engineers, and all persons interested in the location and construction of 
woncs based upon Topography. Illustrated Tvitk numerous plates, maps, 
and engravings, ^ By Lewis M. Haupt, A.M. 8vo, doth, i&r. 

A Text-Book of Tanning, embracing the Preparation 

of all kinds of Leather. By Harry R. Proctor, F.C.S., of Low Lights 
Tanneries. With illustrations. Crown 8vo, cloth, lox. 6d. 



In super-royal 8vo^ ix68 pp^ with 3400 Ultuirations^ in 3 Divbions, cloth, price 13;. 6./. 

each ; or X voL, cloth, a/. ; or half-morocco, s/. &r. 



A SUPPLEMENT 



TO 



SPONS' DICTIONARY OF ENGINEERING. 

Edited by ERNEST SPON, Memb. Soc. Engineers. 



Abacus, Counters, Speed 
Indicators, and Slide 
Rule. 

Agricultural Implements 
and Machinery. 

Air Compressors. 

Animal Charcoal Ma- 
chinery. 

Antimony. 

Axles and Axle-boxes. 

Bam Machinery. 

Belts and Belting. 

Blasting. Boilers. 

Brakes. 

Brick Machinery. 

Bridges. 

Cages for Mines. 

Calculus, Differential and 
Integral. 

Canals. 

Carpentry. 

Cast Iron. 

Cement, Concrete, 
Limes, and Mortar. 

Chimney Shafts. 

Coal Cleansing and 
Washing. 



Coal Mining. 

Coal Cutting Machines. 

Coke Ovens. Copper. 

Docks. Drainage. 

Dredging Machinery. 

Djmamo - Electric and 
Magneto-Electric Ma- 
chines. 

Dynamometers. 

Electrical Engineering, 
Telegraphy, Electric 
Lighting and its prac- 
ticaldetails,Telephones 

Engines, Varieties of. 

Explosives. Fans. 

Founding, Moulding and 
the practical work of 
the Foundry. 

Gas, Manufacture of. 

Hammers, Steam and 
other Power. 

Heat. Horse Power. 

Hydraulics. 

Hydro-geology. 

Indicators. Iron. 

Lifts, Hoists, and Eleva- 
tors. 



lighthouses. Buoys, and 
Beacons. 

Machine Tools. 

Materials of Construc- 
tion. 

Meters. 

Ores, Machinery and 
Processes employed to 
Dress. 

Piers. 

Pile Driving. 

Pneumatic Transmis- 
sion. 

Pumps. 

Pyrometers. 

Road Locomotives. 

Rock Drills. 

Rolling Stock. 

Sanitary Engineering. 

Shafting. 

Steel. 

Steam Navvy. 

Stone Machinery. 

Tramways. 

Well Sinking. 



London : E. & P. MT. SPON, 125, Strand. 

New York: 12, Cortlandt Street. 



NOAV COMPLETE. 

Ff^ snarly 1500 illusirations^ in super-royal 8vo, in 5 Divillonl^ duth 
IMTisions i to 4, \y, 6d, each ; Division 5, 17/. 6</. ; or a voli., cloth, j^3 iax% 

SPONS' ENCYCLOPAEDIA 



OPTHB 



INDUSTRIAL ARTS, MANUFACTURES, AND COMMERCIAL 

PRODUCTS. 

Edited by C. G. WARNFORD LOCK, F.L.S. 

Among t]^e more important of the subjects treated of, are the 
following :— 

Photography, 13 pp. ao 

Pigments, pp. 6 figi. 
Pottery, 40 PP. $7 figs. 
Printing ana Engraving, 

20 pp. 8 figs. 
Rags. 
Resinous and Gummy 

Substances, 75 pp. 10 

figs. 
Rope, 16 pp. 17 figs. 
Salt, 31 pp. 23 figs. 
Silk, 8 pp. 
Silk Manufactures, 9 pp« 

II figs. 
Skins, 5 pp. 
Small Wares, 4 pp. 
Soap and Glycerine, 39 

pp. 45 figs. 
Spices, 16 pp. 
Sponge, 5 pp. 
Starch, 9 pp. 10 figs. 
Suffar, 155 pp. 134 

figs. 
Sulphur. 
Tannin, 18 pp. 
Tea, 12 pp. 
Timber, 13 pp. 
Varnish, 15 pp. 
Vinegar, 5 pp. 
Wax, 5 pp. 
Wool, 2 pp. 
Woollen ManufiEictureSr 

58 pp. 39 figs. 



Adds, 207 pp. 220 figs. 
Alcohol, 23 pp. 16 figs. 
Alcoholic liquors, 13 pp. 
Alkalies, 89 pp. 78 ngs. 
Alloys. Alum. 

Asphalt Assaying. 
Beverages, 89 pp. 29 figs. 
Blacks. 

Bleaching Powder, 15 pp. 
Bleaching, 51 pp. 48 ngs. 
Candles, 18 pp. 9 figs. 
Carbon Bisulphide. 
Celluloid, 9 pp. 
Cements. Clay. 
Coal-tar Products, 44 pp. 

14 figs. 
Cocoa, 8 pp. 
Coffee, 32 pp. 13 figs. 
Cork, 8 pp. 17 ngs. 
Cotton Manufactures, 62 

PP- 57 figs. 
I>rugs, 38 pp. 
Dyemg and Calico 

Printing, 28 pp. 9 figs. 
Dvestuffs, 16 pp. 
Electro-Metallurgy, 13 

pp. 
Explosives, 22 pp. 33 figs. 
Feathers. 
Fibrous Substances, 92 

pp. 79 figs. 
Floor-doth, x6 pp. 21 

figs. 
Food Preservation, 8 pp. 
Fruit, 8 pp. 



Fur, 5 pp. 

Gas, Coal, 8 pp. 

Gems. 

Glass, 45 pp. 77 figs. 

Graphite, 7 pp. 

Hair, 7 pp. 

Hair Manufactures. 

Hats, 26 pp. 26 figs. 

Honey. Hops. 

Horn. 

Ice, 10 pp. 14 figs. 

Indiarubber Manufac- 
tures, 23 pp. 17 figs. 

Ink, 17 pp. 

Ivory. 

Jute Manufactures, 1 1 
pp., II figs. 

Knitted Fabrics — 



Hosiery, 15 pp. 13 figs, 
til 
pp, 
Linen Manufactures, 16 



Lace, 13 pp- 9 ^gs. 
Leather, 28 pp. 31 figs. 



pp. 6 figs. 

Manures, 21 pp. 30 figs. 

Matches, 17 pp. 38 figs. 

Mordants, 13 pp. 

Narcotics, 47 pp. 

Nuts, 10 pp. 

Oils and Fatty Sub- 
stances, 125 pp. 

Paint. 

Paper, 26 pp. 23 figs. 

Paraffin, 8 pp. o figs. 

Pearl and Coral, 8 pp. 

Perfumes, 10 pp. 



London: B. & P. MT. SPON, 125, Strand. 

New York : 12, Cortlandt Street. 



Crown 8vo, cloth, with illustrations, 5x. 

WORKSHOP RECEIPTS, 

FIRST SERIES. 

By ERNEST SPON. 



Synopsis of Contents. 

Freezing. j 

Fulminates. 

Furniture Creams, Oils, : 
Polishes, Lacquers, 
and Pastes. 

Gilding. 

Glass Cutting, Cleaning, 
Frosting;, Drilling, 
Darkening, Bending, 
Staining, and Paint- 
ing. 

Glass Making. 

Glues. 

Gold. 

Graining. 

Gums. 

Gun Cotton. 

Gunpowder. 

Horn Working. 

Indiarubber. 

Japans, Japanning, and 
kindred processes. 

Lacquers. 

Lathing. 

Lubricants. 

Marble Working. 

Matches. 

Mortars. 

Nitro-Glycerine. 

Oils. 



Bookbinding. 

Bronzes and Bronzing. 

Candles. 

Cement. 

Cleaning. 

Colourwashing. 

Concretes. 

Dipping Acids. 

Drawing Office Details. 

Drying Oils. 

Dynamite. | 

Electro - Metallurgy — i 

(Cleaning, Dipping, j 

Scratch-brushing, Bat- 1 

teries. Baths, and 

Deposits of every 

description). 
Enamels. 
Engraving on Wood, 

Copper, Gold, Silver, 

Steel, and Stone. 
Etching and Aqua Tint. 
Firework Making — 

(Rockets, Stars, Rains, 

Gerbes, Jets, Tour- 
billons, Candles, Fires, 

LanceSjLights, Wheels, 

Fire-balloons, and 

minor Fireworks). 
Fluxes. 
Foundry Mixtures. 

Besides Receipts relating to the lesser Technological matters and processes, 
such as the manufacture and use of Stencil Plates, Blacking, Crayons, Paste, 
Putty, Wax, Size, Alloys, Catgut, Tunbridge Ware, Picture Frame and 
Architectural Mouldings, Compos, Cameos, and others too nmnerous to 
mention. 



Paper. 

Paper Hanging. 

Painting in Oils, in Water 
Colours, as well as 
Fresco, House, Trans- 
parency, Sign, and 
Carriage Painting. 

Photography. 

Plastering. 

Polishes. 

Pottery— (Clays, Bodies, 
Glaxes, Colours, Oils, 
Stains, Fluxes, Ena- 
mels, and Lustres). 

Scouring. 

Silvering. 

Soap. 

Solders. 

Tanning. 

Taxidermy. 

Tempering Metals. 

Treating Horn, Mother- 
o'-Pearl, and like sub- 
stances. 

Varnishes, Manufacture 
and Use oL 

Veneering. 

Washing. 

Waterproofing. 

Welding. 



London : E. & P. MT. SPON, 125, Strand. 

New York : 12, Cortlandt Street. 



Crown Svo, cloth, 485 pages, with illustrations, $s. 

WORKSHOP RECEIPTS, 

SECOND SERIES, 

By ROBERT HALDANE. 



Synopsis of Contents. 



Addimetry and Alkali- 
metry. 
Albumen. 
Alcohol. 
Alkaloids. 
Baking-powders. 
Bitters. 
Bleaching. 
Boiler Incrustations. 
Cements and Lutes. 
Cleansing. 
Confectionery. 
Copying. 



Disinfectants. 

Dyeing, Staining, and 

Colouring. 
Essences. 
Extracts. 
Fireproofing. 
Gelatine, Glue, and Size. 
Glycerine. 
Gut. 

Hydrogen peroxide. 
Ink. 
Iodine. 
Iodoform. 



Isinglass. 

Ivory substitutes. 

Leather. 

Luminous bodies. 

Magnesia. 

Matches. 

Paper. 

Parchment. 

Perchloric acid. 

Potassium oxalate. 

Preserving. 



Figments, Faint, and Fainting : embracing the preparation of 
Pigments^ including alumina lakes, blacks (animal, bone, Frankfort, ivory, 
lamp, sight, soot), blues (antimony, Antwerp, cobalt, cseruleum, EgyptiaUj^ 
manganate, Paris, Peligot, Prussian, smalt, ultramarine), browns (bistre, 
hinau, sepia, sienna, umber, Vandyke), greens (baryta, Brighton, Brunswick, 
chrome, cobalt, Douglas, emerald, manganese, mitis, mountain, Prussian, 
sap, Scheele's, Schweinfurth, titanium, verdigris, zinc), reds (Brazilwood lake» 
carminated lake, carmine, Cassius purple, cobalt pink, cochineal lake, colco- 
thar, Indian red, madder lake, red chalk, red lead, vermilion), whites (alum^ 
baryta, Chinese, lead sulphate, white lead — ^by American, Dutch, French,. 
German, Kremnitz, and Pattinson processes, precautions in making, and 
composition of commercial samples — whiting, Wilkinson's white, zinc white), 
yellows (chrome, gamboge, Naples, orpiment, realgar, yellow lakes) ; Faint 
(vehicles, testing oils, &ers, grinding, storing, applying, priming, drying, 
filling, coats, brushes, surface, water-colours, removing smell, discoloration ; 
miscellaneous paints — cement paint for carton-pierre, copper paint, gold paint, 
iron paint, lime paints, silicated paints, steatite paint, transparent paints, 
tungsten paints, window paint, zinc paints) ; Painting (general instructions, 
proportions of ingredients, measuring paint work ; carriage painting — priming- 
paint, best putty, finishing colour, cause of cracking, mixing the paints, oils, 
driers, and colours, varnishing, importance of washing vehicles, re- varnishing, 
how to dry paint ; woodwork painting). 



London : E. & F. If . SFON , 125, Strand. 

New York : 12, Cortlandt Street. 
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WORKSHOP RECEIPTS. 


! 


THIRD SERIES. 


} 


Bv C. G. WARNFORD LOCK. 


f 


Unifcnn witli the First and Second Series. 


/ '^''pr 




1 F-ackii 


Synopsis of Costents. 


1 ^' 


Alloyi. 


Indium. 


Rubidium. 


1 L^« 
1 '^°°^l. 




Iridium. 


Ruthenium. 


Anlimon;. 


Iron and Steel. 


Selenium. 


Baiiam. 


LacquersandLacquerinE, 


Silver. 


1 puflv 


BeirUiom. 


Lanthanum. 


Slag. 


» 


Bismoth. 


Lead. 




% -0=5 


Cadmium. 


Lithium. 


Strontium, 


1 Di! 


Ceeaiam. 


Lubricants. 


TiDtalnra. 


Calcium. 


Magnesium. 


Terbium. 


» ti 


Cerium. 




ThalUum. 


m ^ 


Chromiom. 


Mercury. 


Thorium. 


1 


Cobalt. 


Mica. 


Tin. 


1 


Copper. 


Molybdenum. 


Tit*ninm, 


1 




NickeL 


Tungsten. 






Elfictrics. 


Niobium. 


Uranium. 






Enamels and Glues. 


Osmium. 


Vanadium. 






Erbium. 


Palladium. 


yttrium. 






^_ Csllium. 


Plalinum. 


Zinc 






1= 


Potassium. 
Rhodium. 


Zirconium. 






1 London; E. & F. N. SPON, 126, Strand. 
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WORKSHOP RECEIPTS. 

FOURTH SERIES, 

DEVOTED MAINLY TO HANDICRAFTS & MECHANICAL SUBJECTS. 

By C. G. WARNFORD LOCK. 

250 Illii8tratio2i8, with Ckmi^ete Index, tad a General Index to the 

Font Serief , 6§, 



Waterproofing — rubber goods, cuprammonium procciiCfy miHColliincnui 
preparations. 

Packing and Storing articles of delicate odour or colour, of a dclitiumccnt 
character, liable to ignition, apt to suffer from insects or damp, or cuiiily 
broken. 

Hmbalming and Preserving anatomical specimens. 

Leather Polishes. 

Cooling Air and Water, producing low temperatures, makinc[ Ice, cooling 
syrups and solutions, and separating salts from liquors by refrigeration. 

Pumps and Siphons, embracing every useful contrivance for raining and 
supplying water on a moderate scale, and moving corrosive, tcnaciuUK, 
and other liquids. 

Desiccating — air- and water-ovens, and other appliances for drying natural 
and artificial products. 

Distilling — water, tinctures, extracts, pharmaceutical preparations, essences, 
perfumes, and alcoholic liquids. 

Emulsifying as required by pharmacists and photographers. 

Evaporating — saline and other solutions, and liquids demanding special 
precautions. 

Filtering — water, and solutions of various kinds. 

Percolating and Macerating. 

Electrotyping. 

Stereotyping by both plaster and paper processes. 

Bookbinding in all its details. 

Straw Plaiting and the fabrication of baskets, matting, etc. 

Musical Instruments — the preservation, tuning, and repair of pianos, 
harmoniums, musical boxes, etc 

Clock and Watch Mending — adapted for intelligent amateurs. 

Photography — recent development in rapid processes, handy apparatus, 
numerous recipes for sensitizing and developing solutions, and applica- 
tions to modem illustrative purposes. 



London : E. & F. If . SFON, 125, Strand. 

New York : 12, Cortlandt Street. 
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In demy 8vo, cloth, 600 pages, and 1420 illustrations, 6s. . 

SPONS' 

MECHANICS' OWN BOOK; 

A MANUAL FOR HANDICRAFTSMEN AND AMATEURS. 



Contents. 

Mechanical Drawing — Casting and Founding in Iron, Brass, Bronze, 
and other Alloys — Forging and Finishing Iron — Sheetmetal Working 
— Soldering, Brazing, and Burning — Carpentry and Joinery, embracing 
descriptions of some 400 Woods, over 200 Illustrations of Tools and 
their uses. Explanations (with Diagrams) of 1 16 joints and hinges, and 
Details of Construction of Workshop appliances, rough fumitm-e. 
Garden and Yard Erections, and House Building — Cabinet-Making 
and Veneering — Carving and Fretcutting — Upholstery — Painting, 
Graining, and Marbling — Staining Furniture, Woods, Floors, and 
Fittings — Gilding, dead and bright, on various grounds — Polishing 
Marble, Metals, and Wood — ^Varnishing — Mechanical movements, 
illustrating contrivances for transmitting motion — Turning in Wood 
and Metals — Masonry, embracing Stonework, Brickwork, Terracotta, 
and Concrete — Roofing with Thatch, Tiles, Slates, Felt, Zinc, &c. — 
Glazing with and without putty, and lead glazing — Plastering and 
Whitewashing — Paper-hanging— Gas-fitting — Bell-hanging, ordinary 
and electric Systems — Lighting — Warming — Ventilating — Roads, 
Pavements, and Bridges — Hedges, Ditches, and Drains — Water 
Supply and Sanitation— Hints on House Construction suited to new 
countries. 
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